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What GAO Found 
The Forest Service, within the Department of Agriculture, and the Bureau of 
Land Management (BLM), within the Department of the Interior, found no 
violations of the ban on federal timber export and substitution from 2007 through 
2017, according to agency documents and officials. All agency officials and 
stakeholders GAO interviewed said the likelihood of illegal timber export and 
substitution is low, citing several reasons, including economic factors associated 
with log markets, which have changed over the years. For example, many 
officials and stakeholders said the timber harvested from federal lands is smaller 
and of lower quality compared to what was harvested in the 1990s, making it 
less likely to be exported.  

The Forest Service and BLM did not issue new regulations related to illegal 
federal timber export and substitution, and some agency policies related to 
export and substitution are outdated or unclear. The agencies did not issue 
regulations to implement the Forest Resources Conservation and Shortage 
Relief Act of 1997, as required by the act. Without issuing new regulations or 
obtaining legislative relief from this requirement, the agencies will continue to be 
out of compliance with the act. The agencies have policies to help prevent, 
detect, and respond to illegal timber export and substitution, such as policies that 
require the marking of logs to identify them as coming from federal lands. 
However, the agencies have not reviewed their policies for continued relevance 
and effectiveness as called for by federal standards for internal control, and 
some policies are outdated or unclear. For example, Forest Service policy calls 
for the collection of a certification form to help determine whether timber 
purchasers are engaged in export or substitution, but the form expired in 1999. 
Also, it is unclear what BLM considers a violation of the export ban because 
agency policy does not define what constitutes a violation. Forest Service 
officials said the agency has not reviewed its policies since 1997, largely due to 
competing priorities, but agreed it would be beneficial to do so. BLM officials said 
they reviewed the agency’s export regulations in 2010, but this effort did not 
include a review of timber export policies. By reviewing agency policies and 
making changes as necessary, the agencies will have better assurance that their 
policies are relevant and effective for addressing the risk of illegal timber export 
and substitution. 
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(2) examines the agencies’ regulations, 
policies, and practices to help prevent, 
detect, and respond to illegal timber 
export and substitution.  

GAO reviewed laws, regulations, and 
policies regarding illegal timber export 
and substitution; compared agency 
regulations with laws, and agency 
policies with federal internal control 
standards; and interviewed agency 
officials and stakeholders—such as 
trade groups and state officials— 
selected to provide a range of 
perspectives. 
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441 G St. N.W. 
Washington, DC 20548 

August 15, 2018 

The Honorable Peter DeFazio 
House of Representatives 

Dear Mr. DeFazio: 

Each year, the federal government sells millions of dollars of timber from 
federally managed forests. In fiscal year 2017, about $253 million of 
timber was sold from these lands, according to agency documents. 
Federal law generally prohibits the export of unprocessed logs—that is, 
logs not processed into end products such as lumber—harvested from 
federal lands in the western United States.1 The law also prohibits 
purchasers from using timber harvested from federal lands in their 
processing facilities while exporting nonfederal unprocessed timber that 
could have been used in those facilities—known as substitution. 

Restrictions on federal timber export and substitution were put in place 
decades ago to help sustain the domestic timber-processing industry at a 
time when large volumes of timber were being exported from the United 
States. For example, the Foreign Assistance Act of 1968 restricted the 
volume of timber that could be harvested and exported in unprocessed 
form from federal lands.2 The Forest Resources Conservation and 
Shortage Relief Act of 1997 updated the export restrictions and currently 
governs federal log exports.3 The Forest Service, within the Department 
of Agriculture, and the Bureau of Land Management (BLM), within the 
Department of the Interior, implement and enforce the restrictions. We 
last reported on the federal timber export and substitution ban in 1998.4 

                                                                                                                       
1The law applies to federal lands west of the 100th meridian in the contiguous United 
States. 
2Pub. L. No. 90-554, § 401, 82 Stat. 966 (1968). 
3Pub. L. No. 105-83, Title VI, § 602(a), 111 Stat. 1618 (1997), amending Pub. L. No. 101-
382, Title IV, § 490, 104 Stat. 715 (1990).  

4GAO, Timber Export Law, B-280055 (Washington, D.C.: June 9, 1998). 
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You asked us to examine the issue of illegal federal timber export and 
substitution.5 This report (1) describes the extent to which the Forest 
Service and BLM identified violations of the timber export and substitution 
ban that occurred from 2007 through 2017 and the likelihood of violations, 
and (2) examines the agencies’ regulations, policies, and practices to 
help prevent, detect, and respond to illegal timber export and substitution. 

To address our first objective, we requested documentation about timber 
export and substitution violations for calendar years 2007 through 2017 
from the Forest Service and BLM. The agencies reported that they had no 
documentation of violations. The Forest Service provided documentation 
about potential violations it had investigated but not substantiated, which 
we reviewed. To obtain background information and corroborate agency 
information, we searched various databases, such as ProQuest, to 
identify articles on illegal timber export and substitution.6 Based on our 
review of these articles, we did not identify violations of the ban that had 
occurred during this time period. We performed these searches from June 
2017 to August 2017. 

In addition, we interviewed Forest Service and BLM officials about the 
number of timber export and substitution violations or potential violations 
during calendar years 2007 through 2017, agency actions taken in 
response, and officials’ views about the likelihood of illegal timber export 
and substitution. Specifically, we interviewed Forest Service and BLM 
headquarters officials, regional officials in the six Forest Service regions 
with forests subject to the 1997 act,7 and officials at one national forest in 
each region. We selected these forests after discussions with regional 
officials about the forests they viewed as having the greatest potential risk 
of export or substitution because of proximity to export facilities, the 
amount of timber sold, or other factors. We also interviewed officials from 
the BLM Oregon/Washington State Office and the five western Oregon 

                                                                                                                       
5We started this work in response to a request from Representative Peter DeFazio in his 
capacity as the Ranking Member of the Committee on Natural Resources, House of 
Representatives. 
6We reviewed articles with publication dates from 1980 through 2017 to understand the 
historical context for illegal timber export and substitution.  
7The Forest Service has nine regions, six of which are located in areas subject to the ban 
on timber export and substitution. 
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BLM districts where most of BLM’s timber program is concentrated.8 
Table 1 provides a list of Forest Service and BLM offices included in our 
review. 

Table 1: Forest Service and Bureau of Land Management (BLM) Offices Included in GAO’s Review 

Agency Forest Service regions and BLM state office National forests and BLM district offices 
Forest Service Northern Region (Idaho, Montana, North Dakota, 

South Dakota) 
Nez Perce-Clearwater National Forest 

 Rocky Mountain Region (Colorado, Kansas, 
Nebraska, South Dakota, Wyoming) 

San Juan National Forest 

 Southwestern Region (Arizona, New Mexico, 
Oklahoma, Texas) 

Lincoln National Forest 

 Intermountain Region (Idaho, Nevada, Utah, 
Wyoming) 

Boise National Forest 

 Pacific Southwest Region (California, Hawaii) Klamath National Forest 
 Pacific Northwest Region (Oregon, Washington) Umatilla National Forest 
BLM Oregon/Washington State Office Coos Bay District Office 
  Lakeview District Office 
  Medford District Office 
  Northwest Oregon District Office 
  Roseburg District Office 

Source: GAO. | GAO-18-593 
 

To gain a broader perspective about the likelihood of illegal timber export 
and substitution, we also interviewed nonfederal stakeholders, including 
state forestry officials, academic researchers, and representatives of 
trade associations representing federal timber purchasers, loggers, and 
mill owners.9 We selected these stakeholders to provide a range of 
perspectives on the issue of timber export and substitution. Table 2 lists 
the stakeholder organizations we interviewed. 

                                                                                                                       
8The export restrictions discussed in this report generally apply to federal lands in the 
western United States. We focused on the Forest Service and BLM because they are the 
only two federal agencies with significant commercial timber harvesting programs. 
9In this report, we use the following qualifiers when summarizing federal officials’ and 
stakeholders’ comments: “some,” which we define as two or three; “several,” which we 
define as four or five; and “many,” which we define as six or more. 
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Table 2: Nonfederal Stakeholder Organizations Included in GAO’s Review 

American Forest Resource Council 
Associated Oregon Loggers 
California Department of Forestry and Fire Protection 
California Forestry Association 
Oregon Department of Forestry 
Softwood Export Council 
University of Montana Bureau of Business and Economic Research 
Washington State Department of Natural Resources 

Source: GAO. | GAO-18-593 
 

To address our second objective, we reviewed federal laws to identify 
relevant legal provisions regarding the prohibition on the export and 
substitution of unprocessed federal timber. We also reviewed agency 
regulations and policies related to illegal federal timber export and 
substitution. We interviewed agency officials described above to identify 
key policies and practices to help prevent, detect, and respond to illegal 
timber export and substitution.  

In addition, we reviewed each agency’s implementation of those policies 
that require the agency to collect forms or conduct inspections.10 To 
determine the extent to which BLM collected required contract forms 
certifying that purchasers had not illegally exported or substituted federal 
timber, we requested contract forms for a random sample of timber sale 
contracts that closed in fiscal year 2017 from each of the five western 
Oregon BLM districts included in our review, for a total of 22 contracts. 
We reviewed contract forms included in each timber sale contract to 
determine whether each district collected and maintained the required 
forms. Because the Forest Service does not collect certification forms, we 
did not perform a similar review of Forest Service contracts. 

To determine the extent to which the agencies conducted surveillance at 
log export facilities, we requested agency inspection reports for 
surveillance conducted in 2017 for the 14 log export facilities in California, 
Oregon, and Washington that were identified as operational at the time of 
our review. Forest Service regional officials identified and provided 
reports for 6 facilities in California. For Oregon and Washington 
                                                                                                                       
10Because our review of BLM focused on the five western Oregon BLM districts, we used 
the BLM Oregon/Washington State Office timber sale policies. 
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combined, Forest Service regional officials identified 6 log export facilities 
and provided reports for 1 facility. BLM officials identified and provided 
reports for 2 facilities in Oregon. We reviewed the inspection reports for 
each facility to determine the number of inspections that were conducted, 
and, where applicable, to determine whether the number of inspections 
conformed with agency policy. 

To gain a broader perspective about agency implementation of timber 
sale program activities, we reviewed Forest Service “Timber and Log 
Accountability Audits”—internal evaluations of regional and forest-level 
timber sale activities.11 We reviewed the most recent evaluation of each 
of the six regions with forests subject to the federal timber export and 
substitution ban and the most recent evaluation of at least one national 
forest in five of these regions, selected as described above.12 We also 
reviewed the agencies’ general timber sale administration policies to gain 
a better understanding of the extent to which these policies address the 
issue of export and substitution. We compared agency policies and 
practices with relevant portions of the Standards for Internal Control in the 
Federal Government to assess the extent to which agency policies and 
practices aligned with the standards.13 

In addition, to address both objectives, we conducted a site visit to Coos 
Bay, Oregon in September 2017. We selected this location due to its 
proximity to a BLM field office, active logging sites on federal lands, and 
log export facilities. During this site visit, we met with agency officials at 
BLM’s Coos Bay district; traveled to an active logging site where we 
observed a timber harvesting operation and met with logging operators; 
and visited a log export facility, where we observed logs being prepared 
for export and met with the export facility manager and a timber company 
official. 

We also reviewed reports and studies related to timber export and 
substitution, including reports from the Forest Service’s Pacific Northwest 

                                                                                                                       
11Timber and Log Accountability Audits are to be conducted at each national forest every 
3 years, according to Forest Service policy. This policy also allows, but does not require, 
headquarters officials to conduct similar audits of Forest Service regional offices. The 
audits we reviewed were conducted from 2007 through 2017. 
12We did not review a forest-level evaluation for the Intermountain Region. 
13GAO, Standards for Internal Control in the Federal Government, GAO-14-704G 
(Washington, D.C.: September 2014). 

https://www.gao.gov/products/GAO-14-704G
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Research Station,14 the Department of Agriculture’s Foreign Agricultural 
Service,15 and Oregon State University.16 We reviewed these studies’ 
methodologies, assumptions, and limitations and determined them to be 
sufficiently credible for our purposes. 

We conducted this performance audit from June 2017 to August 2018 in 
accordance with generally accepted government auditing standards. 
Those standards require that we plan and perform the audit to obtain 
sufficient, appropriate evidence to provide a reasonable basis for our 
findings and conclusions based on our audit objectives. We believe that 
the evidence obtained provides a reasonable basis for our findings and 
conclusions based on our audit objectives. 

 
This section describes agency responsibilities, the history of the federal 
timber export and substitution ban, and changes to the timber economy 
since restrictions on timber export and substitution were first 
implemented. 

 
Under the National Forest Management Act and the Federal Land Policy 
and Management Act of 1976, respectively, the Forest Service and BLM 
manage federal lands under their jurisdiction for various uses such as 
protection of fish and wildlife habitat, recreation, mineral production, and 
timber harvesting.17 As part of the agencies’ management of timber 
harvesting on public lands, both the Forest Service and BLM conduct 

                                                                                                                       
14For example, Department of Agriculture, Forest Service, Pacific Northwest Research 
Station, Log Export and Import Restrictions of the U.S. Pacific Northwest and British 
Columbia: Past and Present, PNW-GTR-436 (Portland, OR: August 1998). 
15Department of Agriculture, Foreign Agricultural Service, International Agricultural Trade 
Report: Money Does Grow on Trees as U.S. Forest Product Exports Set Record, 
(Washington, D.C.: April 2015).  
16John C. Bliss et al, “Disintegration of the Industrial Forest Estate and the Future of 
Small-Scale Forestry in the United States,” Oregon State University Rural Studies 
Program Working Paper Series, June 2008. 
17The Forest Service manages nearly 193 million acres of national forests and grasslands, 
most of which are in the western United States. BLM administers about 248 million 
surface acres, almost all of which are in the western United States. 

Background 

Federal Land 
Management Agency 
Responsibilities 
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timber sales.18 Timber sale activities include identifying the sale area, 
conducting the required environmental analyses, soliciting bids, preparing 
the timber sale contract, marking the sale boundary and the trees to be 
cut or left, and monitoring the harvest operations and reforestation 
activities. The agencies monitor harvest operations to help ensure that, 
for example, the trees are harvested from the agreed-upon area and the 
logs are hauled on the route agreed upon in the timber sale contract. The 
agencies have developed policies for general timber sale activities, as 
well as policies specific to preventing, detecting, and responding to illegal 
federal timber export and substitution. 

 
Since the late 1960s, four primary laws have been enacted prohibiting 
federal timber export and substitution: the Foreign Assistance Act of 
1968, the Interior and Related Agencies Appropriations Act of 1974, the 
Forest Resources Conservation and Shortage Relief Act of 1990, and the 
Forest Resources Conservation and Shortage Relief Act of 1997. 

In 1968, an amendment to the Foreign Assistance Act of 1968—
commonly referred to as the “Morse Amendment”—restricted the volume 
of timber that could be harvested and exported from federal lands in 
unprocessed form.19 This legislation was enacted after the Secretaries of 
Agriculture and the Interior issued joint orders calling for this restriction, 
deeming it necessary to maintain a viable domestic wood-processing 
industry. As we previously found, in the early 1960s, export of federal 
timber was generally not viewed as a concern, but as exports of federal, 
private, and other timber increased, public and private concerns grew 
about the effect of unrestricted log exports on the domestic wood-
processing industry.20 For example, the percentage of timber harvested in 

                                                                                                                       
18Most of BLM’s timber program is associated with the agency’s lands in western Oregon. 
BLM manages its western Oregon timber program under the Oregon and California Lands 
Act of 1937. Act of Aug. 28, 1937, 50 Stat. 874, as amended. Under this act, BLM is to 
manage these lands for permanent forest production, for the purpose of providing a 
permanent source of timber supply, protecting watersheds, regulating stream flow, and 
contributing to the economic stability of local communities and industries. 
19Pub. L. No. 90-554, § 401, 82 Stat. 966 (1968).  
20GAO, Potential Impacts of Tighter Forest Service Log Export Restrictions, 
GAO/RCED-85-17 (Washington, D.C.: Jan. 28, 1985). 

History of the Federal 
Timber Export and 
Substitution Ban 

https://www.gao.gov/products/GAO/RCED-85-17
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Oregon and Washington that was exported grew from approximately 6 
percent in 1965 to about 18 percent in 1972.21 

In 1973, a provision was included in the Interior and Related Agencies 
Appropriations Act of 1974 that, in effect, prohibited the export of 
unprocessed timber harvested from federal lands west of the 100th 
meridian in the contiguous 48 states.22 (Figure 1 shows the location of the 
100th meridian and Forest Service- and BLM-managed lands.) The 1973 
provision also prohibited purchasers from using timber harvested from 
federal lands in their processing facilities while exporting nonfederal 
unprocessed timber that could have been used in those facilities, an 
activity referred to as substitution. The provision also stated that the 
limitation on export and substitution did not apply to species of timber the 
agencies have determined to be surplus to domestic lumber and plywood 
manufacturing needs.23 

                                                                                                                       
21GAO/RCED-85-17. 
22Pub. L. No. 93-120, § 301, 87 Stat. 447 (1973). The act stated that “No part of any 
appropriation under this Act shall be available to the Secretaries of the Interior and 
Agriculture for use for any sale hereafter made of unprocessed timber from federal lands 
west of the 100th meridian in the contiguous 48 states which will be exported from the 
United States, or which will be used as a substitute for timber from private lands which is 
exported by the purchaser: Provided, that this limitation shall not apply to specific 
quantities of grades and species of timber which said Secretaries determine are surplus to 
domestic lumber and plywood manufacturing needs.”  
23The agencies have determined two species to be surplus to domestic needs: Port Orford 
cedar and Alaska yellow cedar.   

https://www.gao.gov/products/GAO/RCED-85-17
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Figure 1. Forest Service and Bureau of Land Management Lands in the Contiguous United States and the Location of the 
100th Meridian 

 

In 1990, the Forest Resources Conservation and Shortage Relief Act of 
1990 made permanent the ban on exporting unprocessed logs from 
western federal lands and provided for greater restrictions on 
substitution.24 Under the 1990 act, however, it is not considered 
substitution if a company purchases federal timber from within a particular 
“sourcing area” and exports nonfederal timber harvested from areas 

                                                                                                                       
24Pub. L. No. 101-382, Title IV, § 487, 104 Stat. 714 (1990). 
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outside the sourcing area.25 For example, firms with timber operations in 
both Oregon and Washington could purchase federal timber from a 
sourcing area in eastern Oregon for manufacture while also purchasing 
private timber in Washington for export. The 1990 act required the Forest 
Service and Interior to issue, in consultation with each other, coordinated 
and consistent regulations implementing the act on the lands under their 
respective jurisdictions. 

The Forest Service issued a series of regulations to implement the 1990 
act, the most comprehensive of which was issued September 8, 1995.26 
In a provision contained in the act providing appropriations to the Forest 
Service for fiscal year 1996, Congress effectively suspended 
implementation of the 1995 regulation to allow the administration, 
Congress, and affected parties more time to address policy issues with 
respect to the 1990 act.27 The Forest Service’s fiscal year 1997 
appropriation act contained a similar provision.28 BLM did not issue 
regulations implementing the 1990 act. 

In 1997, Congress amended the 1990 act.29 Among other things, the 
Forest Resources Conservation and Shortage Relief Act of 1997 relaxed 
                                                                                                                       
25A sourcing area is defined as an area in which “the timber manufacturing facilities at 
which a manufacturer desires to process timber originating from federal lands are located, 
[and which] is geographically and economically separate from any geographic area from 
which that person harvests for export any unprocessed timber originating from private 
lands.” See 16 U.S.C. § 620b(c)(3)(A). 
2660 Fed. Reg. 46890 (September 8, 1995). Among other things, the regulation defined 
certain terms necessary to facilitate uniform compliance with the act, prescribed 
procedures for reporting the acquisition and disposition of federal and private timber, and 
established procedures for assessing civil and criminal penalties for violations of the act. 
In July 1995, a timber company and an Idaho county had sued the Forest Service and 
Interior, alleging, among other things, that the agencies had failed to issue implementing 
regulations as required by the 1990 act. Boise Cascade Corp. v. United States 
Department of Agriculture, Civ. No. 95-0290 (D. Idaho), filed July 13, 1995.  
27Pub. L. No. 104-134, § 333, 110 Stat. 1321-209 (1996). According to the relevant 
Conference Committee Report, this provision was included in the law so that the 
administration, Congress, and affected parties could have more time to address policy 
issues with respect to the 1990 act. H.R. Conf. Rep. No. 104-402 at 73 (1996). The 
conference committee report did not identify the specific policy issues to be addressed, 
but the Forest Service noted in the preamble to the 1995 regulation that many 
commenters strongly opposed the branding and marking requirements in the regulation, 
considering them to be excessively costly and unnecessarily burdensome. 60 Fed. Reg. 
46891 (September 8, 1995).  
28Pub. L. No. 104-208, § 318, 110 Stat. 3009-222 (1996).  
29Pub. L. No. 105-83, Title VI, § 602(a), 111 Stat. 1618 (1997). 
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substitution restrictions in Washington State and allowed the Forest 
Service and BLM to reduce the penalties imposed for violating the act by 
taking into account “all relevant mitigating factors, including mistake, 
inadvertence, and error.” The 1997 act also suspended the Forest 
Service’s 1995 regulations implementing the 1990 act and directed the 
agencies to issue new coordinated and consistent regulations 
implementing the act by June 1998. The law requires the agencies to 
implement their regulations in effect prior to September 8, 1995, until new 
regulations are issued. 

 
Since restrictions on timber export and substitution were first 
implemented in the late 1960s, the timber economy has continued to 
change. Domestically, the volume of timber harvested from Forest 
Service lands each year has declined from about 12.4 billion board feet in 
1973 to 2.6 billion board feet in 2017.30 The number of domestic mills 
along the Pacific Coast has also decreased, mostly through mill closures. 
For example, from 1996 to 2016, the number of mills in Washington State 
declined from 186 to 88.31 In addition, since the 1990s, the structure of 
the corporate timber industry has changed. For example, many of the 
corporate timber companies that once owned both mills and the private 
lands to supply those mills have divested some or all of their private 
timberlands.32 Additionally, the value of U.S. softwood log exports has 
grown since 2007, with China, Japan, and Canada the three largest 
importers of these logs. According to information from the Foreign 
Agricultural Service, the value of U.S. softwood log exports grew from 
approximately $949 million in 2007 to approximately $1.4 billion in 2017 
(in constant 2017 dollars).33 

 
                                                                                                                       
30Department of Agriculture, Forest Service, Fiscal Year 1905-2017 National Summary 
Cut and Sold Data and Graphs (April 2018). 
31Washington State Department of Natural Resources, Washington Mill Survey 1996, 
Series Report #14 (Olympia, WA: September 2000) and Washington State Department of 
Natural Resources, Washington Mill Survey 2016, Series Report #24 (Olympia, WA: 
December 2017).  
32Department of Agriculture, Forest Service, U.S. Forest Resource Facts and Historical 
Trends. (Washington, D.C.: August 2014). 
33Information obtained from the Department of Agriculture Foreign Agricultural Service’s 
Global Agricultural Trade System. https://apps.fas.usda.gov/GATS/Default.aspx, accessed 
on May 7, 2018. 

Changes to the Timber 
Economy since the 1960s 
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According to Forest Service and BLM officials, the agencies found no 
violations of the ban on federal timber export and substitution from 2007 
through 2017. Forest Service officials described instances in which the 
agency responded to reports of potential violations, but the reports were 
not substantiated. All agency officials and stakeholders we interviewed 
said that the likelihood of illegal timber export and substitution is low. 
However, several officials acknowledged that some risk of violations 
exists under certain circumstances. 

From 2007 through 2017, the Forest Service and BLM found no violations 
of the federal timber export and substitution ban. Forest Service officials 
identified four instances in which the agency investigated potential 
violations.34 For example, in one instance, the Forest Service’s Pacific 
Southwest region investigated an incident in 2017 at the Port of 
Richmond near Oakland, California. According to the associated 
investigation report, an employee at the port’s export facility noticed four 
logs were marked as coming from a federal timber sale and reported it to 
the Forest Service. Forest Service law enforcement officials conducted an 
investigation and determined that the logs came from the Sierra National 
Forest and were placed at the facility in error. The purchaser 
subsequently delivered the logs to the intended recipient and the agency 
took no further action. Forest Service officials said that because the logs 
had not been exported, but had been placed at the facility in error with no 
intent to export them, the agency determined that there was no violation 
of the export ban. In another instance, officials from the agency’s 
Southwestern Region said that, in 2010, they identified a case in which a 
purchaser cut federal logs, removed the bark, and then exported the logs 
to Mexico for use as telephone poles. The officials investigated to 
determine whether that type of exporting was legal. The Forest Service 
concluded that the purchaser’s activities constituted processing the logs 
into end products and therefore the logs were being legally exported. 
BLM officials we interviewed did not describe any instances in which they 
identified, or were made aware of, potential violations. 

All Forest Service and BLM officials and stakeholders we interviewed said 
the likelihood of timber export and substitution violations is low due to a 
combination of several factors, including economic factors associated 
                                                                                                                       
34The Forest Service provided documentation about three of the four potential violations it 
investigated. The documentation did not indicate that violations had occurred in any of 
these three instances. For two of the instances, the documentation did not indicate the 
resolution of the investigation, but officials said no violations had occurred. 

Forest Service and 
BLM Found No 
Violations of the 
Export and 
Substitution Ban from 
2007 through 2017, 
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Stakeholders Said the 
Likelihood of 
Violations is Low 
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with log markets and changes in the organizational structure of timber 
companies. However, several officials acknowledged that some risk of 
violations exists under certain circumstances. 

• Economic factors within log markets. Several agency officials and 
stakeholders said smaller trees of a lower quality are being harvested 
from federal lands compared to the trees harvested in the 1990s. 
Several of these officials and stakeholders said there is less demand 
and lower value in overseas markets for logs with such 
characteristics. A senior official from the Klamath National Forest in 
California, for example, said that trees harvested from the forest in the 
1980s had log diameters of 35 to 42 inches, but by 2017 the diameter 
had decreased to 14 to 18 inches. Additionally, according to statistics 
from the State of California, old-growth trees—generally, trees more 
than 150 years old—represented nearly 70 percent of timber 
harvested in California in 1979, but by 1999 the proportion had fallen 
to less than 10 percent.35 As we have found, old-growth trees can 
have more attractive grain characteristics and can be used for higher-
value products compared to young-growth trees, which may make the 
former more attractive for export.36 Several officials and stakeholders 
also said that the decrease over time in the amount of federal timber 
available for sale has made violations less likely. For example, 
Oregon Department of Forestry information shows that the volume of 
timber harvested on BLM-managed lands in Oregon declined from 
about 1.5 billion board feet in 1973 to 182 million board feet in 2016.37 
Some of these officials and stakeholders said that federal timber is an 
important part of domestic sawmill operators’ timber supply, and, 
given the reduced amount of federal timber available, sawmill 
operators would have little incentive to export logs because doing so 
would further reduce their own timber supply. 

• Changes in timber company organizational structure. Several 
officials and stakeholders said that changes in timber company 
organizational structure have also made substitution less likely. 
Several officials and stakeholders noted that many Pacific Northwest 
timber companies once owned both sawmills and timberland from 

                                                                                                                       
35In 1999, the State of California stopped monitoring old growth timber harvest volumes.  
36GAO, Tongass National Forest: Forest Service's Actions Related to Its Planned Timber 
Program Transition, GAO-16-456 (Washington, D.C.: Apr. 25, 2016).  
37Oregon Department of Forestry, Oregon’s Timber Harvests 1849-2005 and Oregon 
Department of Forestry, 25 Year Harvest History 1992-2016. 

https://www.gao.gov/products/GAO-16-456
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which they harvested timber to supply their mills. According to some 
officials, under those conditions, the likelihood of substitution was 
greater because these companies could have benefitted by exporting 
logs from their own lands for a high price while supplying their sawmill 
operation with federal timber purchased at a lower price. However, 
many timber companies have sold or reorganized over the past 2 
decades, resulting in few companies now owning both sawmills and 
timberlands, according to some agency officials. In 2009, Oregon 
State University reported on this change, noting that “almost all large, 
publicly traded forest product companies have shed their timber lands 
in the past 20 years, a reflection of global economic pressures, new 
tax laws, and other forces.”38 A 2014 report from the Department of 
Agriculture likewise noted this change.39 Some agency officials said 
that, as a result, sawmills generally must buy all of their timber—
whether privately sourced or federal—on the open market, which 
provides less incentive for substitution than if these sawmills were 
using timber they already owned. 

Several officials also said, however, that some risk of violations remains, 
particularly under certain circumstances. For example, some Forest 
Service regional officials said that some national forests could be 
vulnerable to illegal timber export if log prices or demand for certain tree 
species increase in the future. Additionally, several Forest Service 
officials expressed concern about having sufficient staff to monitor timber 
sales for compliance with relevant requirements, including the ban on 
export and substitution, especially in light of potential increases in timber 
sales. In particular, officials from four of the six national forests included in 
our review said the Forest Service increased the volume of timber their 
national forest is expected to offer for sale beginning in fiscal year 2018.40 
For example, a Boise National Forest official said the forest’s timber sale 
target increased from 50 million board feet per year, which has been 
consistent over the last decade, to 74 million board feet in fiscal year 
2018, with a goal of 96 million board feet per year by fiscal year 2021. 
According to some Forest Service officials, higher timber sale targets 
                                                                                                                       
38Oregon State University Newsroom, Changing Ownership of Timber Lands Raises 
Social, Economic Challenges (Corvallis, OR: June 2009). 
39Department of Agriculture, U.S. Forest Resource Facts and Historical Trends 
(Washington, D.C.: August 2014). 
40The Forest Service establishes a targeted timber volume that national forests should 
make available for sale. The national target volume for fiscal years 2016 through 2018 
was 3.2 billion board feet and for fiscal year 2019 is 3.7 billion board feet. 
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could reduce the ability of agency staff to carry out timber sale 
responsibilities, including monitoring, that help guard against illegal timber 
export and substitution. Several Forest Service “Timber and Log 
Accountability Audits”—internal evaluations of regional and forest-level 
timber sale activities—also noted that reduced staffing levels and 
experience were areas of concern in carrying out forests’ timber sale 
programs.41 

 
The Forest Service and BLM neither issued new regulations as required 
by the Forest Resources Conservation and Shortage Relief Act of 1997 
nor obtained legislative relief from the requirement. The agencies have 
policies and practices to help prevent, detect, and respond to illegal 
timber export and substitution. However, some policies are outdated or 
unclear, and the agencies have not reviewed their policies for continued 
relevance and effectiveness. 

 
 

 
As noted previously, in 1997, Congress amended the Forest Resources 
Conservation and Shortage Relief Act of 1990 to, among other things, 
relax substitution restrictions in Washington State. The 1997 act included 
other provisions such as allowing the agencies to reduce the penalties 
imposed for violating the ban. The act also states that the agencies “shall, 
in consultation, each prescribe new coordinated and consistent 
regulations to implement the act” and required the agencies to issue 
these regulations by June 1, 1998. The act also states that, until new 
regulations are issued, regulations that were in effect prior to September 
8, 1995, are to remain in effect. However, because neither agency issued 
regulations as required by the act, their regulations currently in use do not 
reflect changes made by the 1997 act. 

• Forest Service. The Forest Service drafted regulations to implement 
the 1997 act, but as of June 2018, the agency had not finalized them. 

                                                                                                                       
41In a 2015 report, the Forest Service stated that it had undergone a 39 percent reduction 
in non-fire staff since 1998. Department of Agriculture, Forest Service, The Rising Cost of 
Wildfire Operations: Effects on the Forest Service’s Non-Fire Work (Washington, D.C.: 
Aug. 4, 2015). The report did not specify how many of the positions were associated with 
timber sales. 

The Forest Service 
and BLM Did Not 
Issue New 
Regulations Required 
by Law and Some 
Policies are Outdated 
or Unclear 

The Agencies Did Not 
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According to Forest Service headquarters officials, the agency did not 
finalize the draft regulations because of competing priorities. The 
officials did not provide an estimate as to when the draft regulations 
would be made final. Because the draft regulations have not been 
made final, Forest Service regulations from the early 1990s remain in 
effect but do not reflect the changes made by the 1997 act.42 

• BLM. According to BLM headquarters officials, BLM began drafting 
regulations in 2010 to implement the 1997 act, but did not complete 
that effort because of insufficient resources and competing priorities. 
Because BLM did not issue new regulations, BLM is required by law 
to rely on its regulations issued prior to September 8, 1995. BLM 
regulations reflect timber export and substitution laws from the 1970s 
because BLM did not issue regulations implementing the 1990 act 
because of competing priorities at that time, according to officials. 
Consequently, BLM regulations currently in use do not reflect the 
changes made by the 1997 act. 

Forest Service officials said their agency did not seek legislative relief 
from the requirement to issue new regulations, and BLM officials said 
they have no record that their agency sought legislative relief but could 
not be certain that the agency had not done so. Without issuing new 
coordinated and consistent regulations as required by the 1997 act, or 
obtaining legislative relief, the agencies will continue to be out of 
compliance with this provision of the act. 

 

                                                                                                                       
42The Forest Service issued a series of regulations to implement the 1990 act, the most 
comprehensive of which was issued on September 8, 1995. The 1997 act in effect 
invalidated the 1995 regulations, stating that the regulations that were in effect prior to 
September 8, 1995, shall remain in effect until new regulations are issued.  



 
 
 
 
 
 

Page 17 GAO-18-593  Federal Timber Export and Substitution 

We identified several areas in which either the Forest Service or BLM or 
both have policies to help prevent, detect, and respond to illegal federal 
timber export and substitution. For example: 

• Timber sale contract provisions. Both agencies have policies that 
require timber sale contracts to include a statement about the 
prohibition on federal timber export and substitution, which can help 
ensure timber purchasers are aware of the prohibition.43 We reviewed 
the standard timber sale contract forms used by both agencies at the 
time of our review and found that the forms include provisions with 
this statement. 

• Marking of unprocessed logs. Both agencies generally require 
purchasers to mark unprocessed logs originating from federal lands 
subject to the ban with a spot of yellow paint and an identifying mark 
known as a hammer brand before the logs are removed from the 
timber sale area. According to the agencies’ policies, marking the logs 
is intended to help identify them as being prohibited from export. 
Figure 2 shows an example of marked federal logs. 

Figure 2. Federal Logs Marked With Yellow Paint and Hammer Brands 

 

Forest Service regulations generally require that both ends of each 
unprocessed log be marked, but agency policy allows agency officials 
to waive the requirement under certain circumstances if officials 

                                                                                                                       
43Bureau of Land Management, “Handbook-5420-1: Preparation for Sale,” in BLM Oregon 
Forest Product Sale Procedure Handbook (Portland, OR: December 1, 2016) and Forest 
Service, “Chapter 2450 - Timber Sale Contract Administration,” in Forest Service Manual 
2400 - Timber Management (Washington, D.C.: June 10, 2004). 
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determine that the risk of export or substitution is low.44 For example, 
for certain timber sales the Pacific Southwest Region does not require 
that logs smaller than 10 inches in diameter be painted and branded. 

BLM policy directs that one end of most unprocessed logs be painted 
and branded. Specifically, it calls for painting and branding one end of 
each log with a diameter of more than 10 inches.45 Likewise, when a 
log truck carries 10 or fewer logs (regardless of the logs’ diameter), all 
logs on the truck are to be painted and branded. For truckloads of 11 
logs or more, a minimum of 10 logs must be painted and branded on 
one end, regardless of the logs’ diameter. BLM policy allows 
contracting officers to implement more stringent requirements, such 
as requiring purchasers to paint and brand all logs harvested on an 
individual timber sale regardless of size or number, but it does not 
allow contracting officers to waive the marking requirement.46 

• Penalizing violators. Both agencies have penalties for violating the 
export and substitution ban. Forest Service penalties are described in 
agency policy and in agency contract provisions, and include 
imposing penalties, cancelling contracts, and debarring purchasers 
from bidding on future Forest Service timber sales.47 BLM penalties 
are described in agency contract provisions only, and include contract 
cancellation and recovery of damages. 

In addition, many Forest Service and BLM officials said that general 
timber sale administration policies—those aimed at managing timber 
sales generally, regardless of export issues—help address the risk of 
illegal federal timber export and substitution. Both agencies’ policies for 
timber sale administration include mechanisms for monitoring various 

                                                                                                                       
44Forest Service, “Chapter 20 - Measuring and Accounting For Included Timber,” in Forest 
Service Handbook 2409.15 Timber Sale Administration Handbook (Washington, D.C.: 
March 9, 2004). 
45Bureau of Land Management, “Handbook-5420-1: Preparation for Sale,” in BLM Oregon 
Forest Product Sale Procedure Handbook (Portland, OR; December 1, 2016). 
46This policy was introduced in 2010, when BLM revised its previous policy—which had 
required one end of all unprocessed logs to be marked and branded regardless of 
diameter—to, according to agency officials, account for the increasing number of small-
diameter trees in federal timber sales and the resulting increase in the number of logs per 
truckload. 
47Forest Service, “Chapter 2450 - Timber Sale Contract Administration,” in Forest Service 
Manual 2400 – Timber Management (Washington, D.C.; June 10, 2004). 



 
 
 
 
 
 

Page 19 GAO-18-593  Federal Timber Export and Substitution 

activities associated with federal timber sales, including periodically 
inspecting timber harvest operations at active logging sites and observing 
log trucks carrying cut timber from logging sites to ensure they follow 
designated haul routes. Many officials we spoke with from both agencies 
said that such periodic inspections and consistent contact with logging 
operators help prevent and detect illegal export or substitution of federal 
timber. 

However, Forest Service and BLM policies related to three areas—
surveillance, certification requirements, and investigating potential 
violations—are outdated or unclear, or in some cases have not been fully 
implemented. The agencies also have not reviewed their policies for 
continued relevance and effectiveness as called for by federal internal 
control standards. 

• Surveillance. Forest Service policy directs each Forest Service 
region with forests subject to the export ban to conduct surveillance 
and establish procedures, training, and other controls for the 
surveillance program in the region—stating that, at a minimum, 
regional standards must include monthly surveillance.48 However, 
three of the six regions subject to the ban have not established 
surveillance procedures because, according to regional officials, they 
have no access to ports and therefore the policy is not relevant to 
them.49 However, Forest Service headquarters officials said the 
requirement is relevant to all regions having forests subject to the ban, 
because federal logs originating from regions without ports could be 
transported across regions and exported from another region. These 
headquarters officials said that more clarity in the agency’s policy 
about establishing regional surveillance procedures may be helpful to 
the regions. 

The remaining Forest Service regions subject to the ban—the Pacific 
Southwest, Pacific Northwest, and Northern regions, each of which 
contains log export facilities—established procedures as called for by 
national policy but do not conduct surveillance on a monthly basis. 
The Pacific Southwest Region’s procedures call for monthly 

                                                                                                                       
48Forest Service, “Chapter 20 - Measuring and Accounting for Included Timber,” in Forest 
Service Handbook 2409.15 Timber Sale Administration Handbook (Washington, D.C.: 
March 9, 2004). 
49The Intermountain, Rocky Mountain, and Southwestern regions have not established 
surveillance procedures. 
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surveillance of export facilities in accordance with national policy. 
However, the Pacific Northwest Region’s procedures call for quarterly 
surveillance rather than monthly surveillance. The Northern Region 
delegates responsibility for surveillance to a national forest in the 
Pacific Northwest Region.50 We reviewed surveillance inspection 
reports from calendar year 2017 and found that, during that year, the 
Pacific Southwest Region conducted from one to nine inspections of 
each of the six facilities regional officials identified as exporting logs—
less than the monthly surveillance called for by regional and national 
policy. Officials from the Pacific Northwest Region provided us 
calendar year 2017 surveillance information for one of the region’s six 
facilities that exported logs that year. For that facility, Forest Service 
officials conducted surveillance seven times in 2017, including at least 
one inspection per quarter, which is in accordance with regional policy 
but not national policy.51 Officials from both regions said they view the 
frequency with which they conduct surveillance to be appropriate. For 
example, officials from the Pacific Southwest Region said that when a 
port is actively exporting timber, they conduct surveillance at least 
once per month, as required by policy. Officials from the Pacific 
Northwest Region said they view their frequency of surveillance to be 
appropriate, since they view the likelihood of export violations to be 
low and they have competing agency priorities. 

BLM policy does not call for surveillance of log export facilities. 
However, officials from BLM’s Coos Bay District, which has two log 
export facilities, have conducted surveillance since the 1970s as a 
way to help detect illegal timber export, according to BLM documents 
and officials. Based on our review of 2017 surveillance inspection 
reports, BLM officials inspected one export facility twice and the other 
facility seven times during that year.52 Figure 3 shows an example of 
unprocessed logs at one of the export facilities in Coos Bay, Oregon. 

                                                                                                                       
50An official from this forest said there has been no log export activity at the relevant 
Northern Region facilities since the policy was put in place in 2013, and therefore the 
forest has not conducted surveillance inspections since then.  
51None of the Forest Service surveillance inspection reports we reviewed contained 
indications of export violations. 
52None of the BLM surveillance inspection reports we reviewed contained indications of 
export violations. 
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Figure 3: Unprocessed Logs at an Export Facility 

 
 

Some officials from both agencies said they may in some cases be 
unable to conduct surveillance within export facilities because they do 
not have clear authority to enter these facilities. BLM headquarters 
officials said BLM did not develop a policy calling for surveillance 
because the agency did not know whether it had the authority to enter 
log export facilities and therefore was not confident that such a policy 
could be carried out. Some officials from both agencies said they 
generally have been granted access but noted that this is subject to 
the willingness of the facility owners. Forest Service and BLM 
headquarters officials similarly said the agencies generally do not 
have legal authority to board ships or to inspect closed shipping 
containers to look for federal logs.53 

• Certification Requirements. Both agencies’ policies direct the 
agencies to collect certification forms to help them determine whether 
timber purchasers are engaged in export or substitution. However, the 
agencies’ forms are outdated—the Forest Service’s certification form 
expired, and some BLM forms reflect legal requirements that are no 

                                                                                                                       
53Forest Service officials noted that agency law enforcement personnel could request 
search warrants giving them the authority to board ships or inspect shipping containers. 
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longer in effect. Nevertheless, the agencies have not updated their 
forms or changed their policies requiring collection of these forms. 

Forest Service policy states that “Prior to award, during the life of the 
contract, and for a period of 3 years from the termination date, the 
purchaser must furnish, upon request, the volume and geographic 
origin of unprocessed timber from private lands that was exported or 
sold for export.”54 The purchaser may submit the information on a 
specified Forest Service certification form or “other appropriate 
forms.”55 Forest Service regional officials from three of the six regions 
subject to the ban said they do not collect this information because 
the certification form, approved by the Office of Management and 
Budget, expired in 1999.56 Some Forest Service officials said updating 
and collecting the form could help prevent and detect illegal timber 
export and substitution by providing agency officials with information 
about purchasers’ activities. One senior headquarters official, 
however, noted that the information provided on the form relies on the 
purchaser’s self-certification, making it difficult for agency officials to 
verify. 

BLM policy requires agency staff to collect a minimum of two 
certification forms for each timber sale.57 One is to be collected before 
the sale is approved, to determine whether the timber sale purchaser 
has substituted federal timber for exported unprocessed private timber 
within a specified time frame. The other is to be collected after the 
harvest is completed and before the contract is terminated, to 
determine whether purchasers are exporting BLM timber. Two 

                                                                                                                       
54Forest Service, “Chapter 20 - Measuring and Accounting for Included Timber,” in Forest 
Service Handbook 2409.15 Timber Sale Administration Handbook (Washington, D.C.: 
March 9, 2004). 
55The specified form is Form FS-2400-59, Certification of Receipt and Disposition of 
Timber Originating from National Forest System Lands. 
56Under the Paperwork Reduction Act, each federal agency’s “collection of information” 
(such as the Forest Service’s certification form) must include a valid control number from 
the Office of Management and Budget. 44 U.S.C. §§ 3504(c), 3506(c). Control numbers 
are valid for no more than 3 years. 44 U.S.C. § 3507(g). 
57Bureau of Land Management, “Handbook-5450-1: Award of Contract,” in BLM Forest 
Product Sale Procedure Handbook Series (Washington, D.C.: June 1992); Bureau of Land 
Management, “Handbook-5450-1: Award of Contract,” in BLM Oregon Forest Product 
Sale Procedure Handbook (Portland, OR: December 1, 2016); and Bureau of Land 
Management, “Handbook-5420-1: Preparation for Sale,” in BLM Oregon Forest Product 
Sale Procedure Handbook (Portland, OR; December 1, 2016). 
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additional certification forms may be collected when applicable—one 
prior to the sale and the other after the harvest is completed—but are 
not required for all sales. We reviewed documentation from a sample 
of 22 BLM timber sale contracts that closed in 2017 in the five western 
Oregon BLM districts and found that BLM collected the required 
certification forms for 21 of the 22 contracts. The remaining contract 
file was missing a required form. BLM officials said the missing form 
could not be located. 

However, the two certification forms BLM can collect before approving 
a timber sale reflect legal requirements that are no longer in effect. 
According to the 1997 act, a purchaser may not purchase 
unprocessed federal timber if “such person has, during the preceding 
24-month period, exported unprocessed timber originating from 
private lands.” However, the two BLM certification forms instruct the 
purchaser to provide this information for the preceding 12-month 
period. Senior BLM officials acknowledged the inconsistency between 
these forms and the current legal requirement. They said that the 12-
month time frame specified in the certification forms reflects the BLM 
regulations issued to implement the appropriations act export 
restrictions in the 1970s. 

• Investigating Potential Violations. Both agencies have policies for 
investigating potential export violations. The Forest Service’s policy 
for investigating export violations states that, upon finding a violation, 
the contracting officer should contact law enforcement and prepare a 
report about the violation, including any planned follow-up actions.58 
Forest Service headquarters officials said that it is unclear whether 
this policy applies only in cases where export violations have been 
substantiated or is to be used in instances where violations are 
suspected but not confirmed. BLM headquarters officials said that 
their personnel are to use policies detailed in the agency’s standard 
contract administration procedures, which cover all timber sale 
administration violations, to investigate potential and substantiated 
export violations.59 These procedures provide officials discretion in the 

                                                                                                                       
58Forest Service, “Chapter 20 - Measuring and Accounting for Included Timber,” in Forest 
Service Handbook 2409.15 Timber Sale Administration Handbook (Washington, D.C.: 
March 9, 2004). 
59Bureau of Land Management, “Handbook-5480-1: Contract Violation-Suspension-
Cancellation; Settlement of Uncompleted Contract,” in BLM Oregon Forest Product Sale 
Procedure Handbook (Portland, OR: June 17, 2016). 
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actions they take. For example, the procedures state that “many such 
violations may simply be corrected with good verbal communications 
between the BLM and purchaser representatives. Other violations 
require more forceful action and complete documentation of such 
actions.” 

The agencies differ in the extent to which they define what conduct 
constitutes an export violation.60 Forest Service policies do not define 
export; however, its regulations do, stating that export can occur at 
any of several points—when a person enters into an agreement to 
convey logs to another country, when logs are placed in an export 
facility in preparation for shipment outside the United States, or when 
logs are placed on a ship, train, or other transport destined for a 
foreign country.61 BLM policies and regulations do not define the term 
export or state what constitutes an export violation. Officials from both 
agencies said that determining whether a violation has occurred 
requires judgment on the part of agency staff. For example, according 
to these officials, finding logs in an export facility may constitute a 
violation, but would require the agency to determine whether the logs 
were being prepared for shipment outside the United States. Officials 
from both agencies said they would benefit from a clear definition of 
export violation. 

In addition, the agencies do not have up-to-date information about 
sourcing areas, which is used to determine substitution violations. 
Under the 1997 act, manufacturers may not engage in substitution—
that is, exporting timber from private lands while purchasing federal 
timber to supply their mills. However, it is not considered substitution if 
a company purchases federal timber from within a particular “sourcing 

                                                                                                                       
60The 1997 act does not define what constitutes an export violation, instead providing a 
general description of prohibited activities. The act states that "No person who acquires 
unprocessed timber originating from federal lands west of the 100th meridian in the 
contiguous 48 states may export such timber from the United States, or sell, trade, 
exchange, or otherwise convey such timber to any other person for the purpose of 
exporting such timber from the United States.” 16 U.S.C. § 620a(a).  
61Specifically, Forest Service regulations state that “‘export’ means transporting or causing 
to be transported, either directly or through another party, unprocessed timber to a foreign 
country. Export occurs on the date that a person enters into an agreement to sell, trade, or 
otherwise convey such timber to a person for delivery to a foreign country. If that date 
cannot be established, export occurs when unprocessed timber is placed in an export 
facility for preparation, including but not limited to sorting or bundling, and container 
loading for shipment outside the United States, or when unprocessed timber is placed on 
board an oceangoing vessel, rail car, or other conveyance destined for a foreign country.” 
33 C.F.R. § 223.186 (1990). 
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area” and exports nonfederal timber harvested from areas outside the 
sourcing area. Sourcing areas outside Washington State are subject 
to Forest Service or BLM approval, and the agencies are required by 
law to review them at least every 5 years. Forest Service 
headquarters officials said they had not reviewed sourcing areas for at 
least 20 years, and said that over this time, many timber companies 
with approved sourcing areas have gone out of business or no longer 
purchase national forest timber. Forest Service headquarters officials 
said that they did not maintain lists of sourcing areas, and none of the 
six Forest Service regions subject to the ban had information about 
sourcing areas. BLM provided us a list of sourcing areas identified by 
the Forest Service, but the list dates to 1992. Moreover, many Forest 
Service and BLM officials we interviewed said they were unfamiliar 
with the concept of substitution and sourcing areas. A few officials 
said identifying sourcing areas may no longer be relevant given the 
changes in the organizational structure of timber companies and the 
resulting lower likelihood of substitution. 

According to the Standards for Internal Control in the Federal 
Government, management should implement control activities through 
policies, including by periodically reviewing policies, procedures, and 
related control activities for continued relevance and effectiveness in 
achieving an entity’s objectives or addressing related risks.62 Forest 
Service officials said the agency has not reviewed its policies specific to 
export and substitution since the enactment of the 1997 act, largely 
because of competing priorities and the officials’ view that the likelihood 
of illegal export or substitution is low. Nevertheless, these officials agreed 
that it would be beneficial for the Forest Service to review and update its 
policies, especially in light of the significant changes to the timber 
economy in the past 2 decades. BLM officials said they reviewed the 
agency’s export regulations in 2010, but this effort did not include a 
review of log export policies. They said they did not believe such a review 
would be useful until new regulations are issued, since it is important that 
policies conform with regulations. These officials noted that BLM’s 
Oregon/Washington State Office updated some of its policies in 2016, but 
the officials did not indicate the extent to which the policies were reviewed 
for relevance and effectiveness—and, as noted, some BLM policies 
appear unclear or are inconsistent with the 1997 act. By reviewing agency 
policies and making changes to them as necessary, in accordance with 

                                                                                                                       
62GAO-14-704G.  

https://www.gao.gov/products/GAO-14-704G
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applicable regulations, the Forest Service and BLM will have better 
assurance that their policies are relevant and effective for addressing the 
risk of illegal timber export and substitution. 

 
For 50 years, Congress has restricted the export and substitution of 
federal timber from the western United States. Since the restrictions were 
put in place, substantial changes to the timber economy have occurred, 
and agency officials and stakeholders view the likelihood of illegal timber 
export and substitution as low. The Forest Service and BLM have various 
regulations, policies, and procedures to carry out the ban. However, the 
agencies did not issue new regulations as required by the Forest 
Resources Conservation and Shortage Relief Act of 1997 and have not 
obtained legislative relief from this requirement. As a result, the agencies 
are relying on regulations issued before 1995. Without issuing new 
coordinated and consistent regulations or obtaining legislative relief, the 
Forest Service and BLM will continue to be out of compliance with the 
regulation provisions of the 1997 act. 

Further, some agency policies are outdated or unclear. For example, 
Forest Service policy calls for collecting a certification form that expired in 
1999, and BLM policy does not clearly define what constitutes a violation 
of the export ban. The Forest Service and BLM have not reviewed their 
policies for continued relevance and effectiveness, consistent with federal 
internal control standards. By reviewing agency policies and making 
changes to them as necessary, the Forest Service and BLM will have 
better assurance that their policies are relevant and effective for 
addressing the risk of illegal timber export and substitution. 

 
We are making four recommendations, including two to the Forest 
Service and two to the BLM: 

• The Chief of the Forest Service should determine whether new 
regulations governing timber export and substitution are appropriate. 
If the agency determines new regulations are appropriate, it should 
issue them in accordance with the 1997 act, in consultation with BLM. 
Otherwise, the agency should seek legislative relief from the act’s 
requirement. (Recommendation 1) 

• The Director of the BLM should determine whether new regulations 
governing timber export and substitution are appropriate. If the 
agency determines new regulations are appropriate, it should issue 

Conclusions 

Recommendations for 
Executive Action 
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them in accordance with the 1997 act, in consultation with the Forest 
Service. Otherwise, the agency should seek legislative relief from the 
act’s requirement. (Recommendation 2) 

• The Chief of the Forest Service should review agency policies for 
continued relevance and effectiveness in addressing the risk of illegal 
timber export and substitution, and based on that review—and in 
accordance with applicable regulations—should issue new policies as 
necessary. (Recommendation 3) 

• The Director of the BLM should review agency policies for continued 
relevance and effectiveness in addressing the risk of illegal timber 
export and substitution, and based on that review—and in accordance 
with applicable regulations—should issue new policies as necessary. 
(Recommendation 4) 

 
We provided a draft of this report for review and comment to the 
Departments of Agriculture and the Interior. The departments provided 
written comments, which are reproduced in appendixes I and II of this 
report. The Forest Service, responding on behalf of the Department of 
Agriculture, stated in its written comments, and in a subsequent e-mail 
from the Forest Service audit liaison, that it generally concurred with our 
findings and recommendations. The Forest Service stated that it will 
coordinate with BLM to determine the next best steps in moving ahead in 
administering the export law. 

In its written comments, the Department of the Interior concurred with the 
recommendations we directed to BLM. Regarding our recommendation 
related to regulations, Interior stated that BLM will review its regulations to 
identify inconsistencies with the 1997 act, and if it determines new 
regulations are appropriate, will begin consultation with the Forest Service 
to maximize consistency between the agencies to minimize the impact to 
federal timber purchasers. Regarding our recommendation related to 
policies, Interior stated that BLM will review its export and substitution 
policies as well as its relevant contracts and forms for any immediate 
updates needed to conform with the 1997 act, and will ensure the policies 
are updated in conjunction with any new regulations. 

 
As agreed with your office, unless you publicly announce the contents of 
this report earlier, we plan no further distribution until 30 days from the 
report date. At that time, we will send copies to the appropriate 
congressional committees, the Secretaries of Agriculture and the Interior, 
the Chief of the Forest Service, the Director of the BLM, and other 

Agency Comments  
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interested parties. In addition, the report will be available at no charge on 
the GAO website at http://www.gao.gov. 

If you or your staff members have any questions regarding this report, 
please contact me at (202) 512-3841 or fennella@gao.gov. Contact 
points for our Offices of Congressional Relations and Public Affairs may 
be found on the last page of this report. GAO staff who made 
contributions to this report are listed in appendix III. 

Sincerely yours, 

 
Anne-Marie Fennell 
Director, Natural Resources and Environment 

http://www.gao.gov/
mailto:fennella@gao.gov
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Abstract

Biodiversity has become one of the central environmental issues in the framework of

recent policies and international conventions for the promotion of sustainable develop-

ment. The reduction of habitat worldwide is currently considered as the main threat to

biodiversity conservation. Transportation infrastructures, and above all road networks, are

blamed for highly contributing to the decrease in both the quantity and the quality of

natural habitat. Therefore, a sound Biodiversity Impact Assessment (BIA) in road planning

and development needs to be coupled to other commonly considered aspects. This paper

presents an approach to contribute to BIA of road projects that focuses on one type of

impact: the direct loss of ecosystems. The first step consists in mapping the different

ecosystem types, and in evaluating their relevance for biodiversity conservation. This is

based on the assessment of ecosystem’s rarity. Rarity is a measure of how frequently an

ecosystem type is found within a given area. Its relevance is confirmed by the fact that the

protection of rare ecosystems is often considered as the single most important function of

biodiversity conservation. Subsequently, the impact of a road project can be quantified by

spatially computing the expected losses of each ecosystem type. To illustrate the

applicability of the methodology, a case study is presented dealing with the assessment of

alternative routes for a highway development in northern Italy.
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1. Introduction

The conservation of biological diversity (biodiversity) has recently emerged as

one of the major global environmental concerns (Noss and Cooperrider, 1994;

George, 1999; Diamantini and Zanon, 2000). Consequently, a thorough treatment

of the effects of developments on biodiversity is to be included in the procedure

of Environmental Impact Assessment (EIA), as recommended by the Convention

on Biological Diversity: ‘‘. . .each Contracting Party shall. . .introduce appropriate
procedures requiring environmental impact assessment of its proposed projects

that are likely to have significant adverse impact on biological diversity. . .’’
(UNCED, 1992, article 14). Following this recommendation, several govern-

mental agencies have issued guidance on EIA and biodiversity (Canadian

Environmental Assessment Agency, 1996; CEQ, 1993) and work is being carried

out in this area also by a range of non-governmental bodies, such as the

International Association for Impact Assessment (IAIA, 2001) and The World

Conservation Union (Byron, 1999). This has lead to the establishment of a

specific disciplinary field, namely Biodiversity Impact Assessment (BIA), which

aims at developing and applying strategies for performing the analysis of the

impacts on biodiversity within EIA. However, BIA can still be considered in its

infancy, especially for what concerns real applications (Atkinson et al., 2000).

The decline of habitat is globally recognized as the current main threat to the

conservation of biodiversity (EPA, 1999). The most severe habitat reduction

occurs when a natural ecosystem is converted to an artificial system, as it happens

for a road construction. Roads represent one of the most widespread forms of

modification of the landscape that occurred during the past century, and

particularly after World War II (Trombulak and Frissell, 2000; Smith, 1990).

Road developments affect and modify the habitat conditions, which in turn

influence the abundance and distribution of plant and animal species, i.e., the

biodiversity, of the impacted areas. Reviews on this topic (Byron et al., 2000;

Thompson et al., 1997) suggested that road schemes, due to their linear structure,

are much more likely to affect natural areas than other developments in general.

The dimension of the phenomenon can be pictured by recalling that many

industrial nations have given about 1% to 2% of their land to roads and roadsides

(Forman, 2000; Seiler and Eriksson, 1995), making the road network a common

feature of virtually every landscape.

Roads cause both a direct and an indirect loss of habitat. The direct loss refers

to the reduction of the total area of an ecosystem caused by the presence of the

road and its verges, i.e., by the conversion of the original land cover (e.g.,

woodland, grassland, wetland, etc.) into an artificial surface. The indirect loss

refers to effects such as the fragmentation (i.e., the portioning of an ecosystem

into smaller and more isolated patches) and the degradation of ecosystems (i.e.,

the biophysical alteration of an ecosystem induced by noise, air and water

pollution, artificial light, etc.). These effects cause an indirect loss of habitat in

that they reduce the capability of an ecosystem to sustain its original biodiversity.
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Comprehensive review on the ecological impacts of roads can be found in

Trombulak and Frissell (2000), Forman and Alexander (1998), Southerland

(1995).

This paper presents an approach to contribute to BIA of road projects that

focuses on one type of impact: the direct loss of ecosystems. This is the most

evident ecological effect of a road cutting through the landscape. Despite this, it

is still often neglected or ill-addressed during the EIA (Geneletti, 2002; Treweek

et al., 1993; Byron et al., 2000). A sound approach to assess the ecosystem-loss

impact requires the preliminary setting-up of guidelines to map the different

ecosystem types and to evaluate their relevance for biodiversity conservation.

Subsequently, the impact of the project under study can be quantified by spatially

computing the expected losses of each ecosystem type. The ecosystem’s

relevance is to be assessed by referring to explicit evaluation criteria. In the

methodological approach described in this paper, it is proposed to resort to the

criterion most frequently used in ecological evaluations: rarity (Smith and

Theberge, 1986). Rarity is a measure of how frequently an ecosystem type is

found within a given area. Its relevance is confirmed by the fact that the

protection of rare ecosystems is often considered as the single most important

function of biodiversity conservation (Margules and Usher, 1981).

To illustrate the applicability of the methodology, a case study is presented

dealing with the assessment of alternative routes for a highway development in

northern Italy.

2. Methodology

The methodological approach can be divided into three main steps: ecosystem

mapping, ecosystem evaluation, and ecosystem-loss impact assessment.

2.1. Ecosystem mapping

The natural ecosystems occurring within the area affected by the road project

under consideration are to be identified and mapped, so as to provide the basic

data layer to perform the impact assessment. Natural ecosystems are biotic

communities that could spontaneously occur in a given abiotic environment.

They are characterised by the presence of an essentially intact, at least in its

main features, native vegetation cover. On the contrary, artificial ecosystems

(e.g., urban settlements, agricultural fields) or semi-natural ecosystems (e.g.,

pastures) are originated by human activity and their stability depends (to

different degrees) upon human interventions. Biodiversity conservation aims

at maintaining ecologically functional examples of each type of naturally

occurring ecosystem in a region (Noss and Cooperrider, 1994; CEQ, 1993).

For this reason, the BIA proposed in this study focuses on the impacts on

natural ecosystems only.
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A common shortcoming in EIA is to narrow the biodiversity considerations to

the sites and ecosystem types that have been already designated for nature

conservation (nature reserves, biotopes, Sites of Special Scientific Interest,

priority habitats, etc.). In particular, recent reviews testify how the BIA of road

developments is being perceived mostly as analysis of the effects on selected

protected areas or species (Geneletti, 2002; Byron et al., 2000; Seiler and

Eriksson, 1995). This represents a very severe limitation with potentially harmful

consequences for the conservation of biodiversity. As a matter of fact, the

designated sites often cover small areas and may not comprise the whole home

range of some of the species. Furthermore, a number of habitats and associated

features with a relatively high nature-conservation value are likely to occur that

should be investigated carefully, even if not designated as such. Quoting

Treweek et al. (1998): ‘‘there is an unquantified risk to habitats and species that

do not, individually, merit designation or protection but which nevertheless can

constitute an important part of a country’s natural capital.’’ A more compre-

hensive approach than just focusing on designated areas has been envisaged, for

example, by the USA guidelines on incorporation of biodiversity into EIA (CEQ,

1993), as well as by the UK manual for the environmental assessment of road

schemes (DoT, 1993). For these reasons, it was decided to include in the

assessment all the natural ecosystems occurring within the area affected by the

project.

By far, the most common method for mapping ecosystems consists in

mapping the vegetation types. According to this approach, vegetation communit-

ies are considered as representative for delimiting the boundaries of ecosystem

units. This assumption is justified by the fact that vegetation communities

typically show a strong relationship with both their physical environment (soil

and rock type, climate, topography, etc.) and the organisms they host. Further-

more, vegetation mapping represents a feasible alternative to carrying out a truly

complete biological survey. For these reasons, it is widely held that vegetation

types can be used as surrogates for the ecosystems in which they participate

(Csuti and Kiester, 1996; Noss and Cooperrider, 1994; Spellemberg, 1992;

Austin and Margules, 1986). Consequently, a map showing the distribution of

the vegetation cover within the area can be considered as a suitable ecosystem

map. Such a map must have an adequate spatial resolution and date. As to the

spatial resolution, it has to be compatible with the size of the project. We must be

able to clearly locate the road and predict its effects on the surrounding

ecosystems. According to the type of roads, this usually implies a mapping scale

ranging from 1:5000 to 1:25,000. As for the date, the map obviously should

depict the landscape in the closest-to-present possible conditions.

2.2. Ecosystem evaluation

Rarity is proposed as a criterion to evaluate the relevance of the different

ecosystems in terms of biodiversity conservation. In its broadest definition, rarity
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refers to how frequently an ecosystem type is found within a given area.

Biodiversity conservation aims at preserving the full richness of life on earth.

Consequently, it appears logical that the actual cover and distribution of an

ecosystem type influence its relevance and protection worthiness. The rationale

behind the use of the rarity criterion is the consideration that the rarer is a feature,

the higher is its probability of disappearance.

Despite the broadly shared vision about the relevance of the rarity criterion,

there is not to be a common ground for its evaluation. Rarity is a relative term

and it has been used in a variety of ways in ecological evaluations (Smith and

Theberge, 1986). This has lead to the use of a number of indicators, based on

measurable scales (e.g., the relative abundance of the feature within a region, as

in Pressey and Nicholls, 1989), or more commonly, on personal perceptions

and linguistic scales (e.g., by using expressions such as ‘‘rarely found’’ or

‘‘commonly found’’, as in Andreis, 1996 and Wittig et al., 1983). The

indicators based on measurable scales are more appealing for impact studies

because they offer an objective basis for the assessment. However, the use of

measurable indicators to express rarity requires the setting-up of an appropriate

reference system.

The ideal goal of biodiversity conservation is to maintain pre-settlement

ecosystem types in approximate proportion to their former abundance in the

region (Noss, 1983; Southerland, 1995). That is, the reconstruction of the past

situation is to provide a sound basis for addressing biodiversity protection

policies, and consequently for assessing ecosystem significance. Therefore, the

past situation appears as the most suitable reference, against which to assess

losses and quantify rarity. Consequently, the rarity of an ecosystem type within a

region can be expressed by using as indicator the percentage of its original area

remaining. This approach is envisaged by current strategies for biodiversity

planning, such as ‘‘GAP analysis’’ (Scott et al., 1996), in which the relevance of

accounting for the pre-settlement extent of the different vegetation types is

stressed. Obviously, the main problem in applying this method relates to the

reconstruction of the pre-settlement landscape.

The most common tool for depicting the original spatial distribution of the

different ecosystems within a landscape is represented by a potential-vegeta-

tion map. Such a map sketches the vegetation types that potentially could

grow in a given area on the basis of its climate, soil, water conditions,

lithology and topography. Potential-vegetation maps are to represent the

features of a landscape as they were before human disturbances and in-

terventions took place. The use of indications provided by the potential

vegetation for assessing the biodiversity value of natural areas is mentioned in

several studies (Stoms, 2000; Awimbo et al., 1996; Fandiño, 1996; Noss, 1983;

Wright, 1977). However, this has not lead to the proposal of a quantitative

indicator. The studies only suggest the use of information on the potential and

actual ecosystem distribution for: prioritising areas for nature conservation

(Stoms, 2000; Awimbo et al., 1996; Wright, 1977); providing a reference to
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set the objectives of biodiversity preservation activities (Noss, 1983); assessing

the ecological quality of vegetation communities (Fandiño, 1996).

The use of the ratio between the actual cover and the potential cover of each

natural ecosystem type is proposed here as indicator to express ecosystem’s rarity

and it is termed Potential Area Remaining (PAR). Fig. 1 shows an example of its

computation. As it can be seen, the required input consists of two maps showing

respectively the potential and the actual distribution of the ecosystems within the

area of interest. The advantage of using this indicator resides in the fact that the

selected criterion (i.e., rarity) can be measured for each ecosystem type in an

objective and replicable way. Furthermore, the reference against which rarity is

measured, i.e., the potential distribution of the ecosystems, is clearly stated and

provided, overcoming the limits of ‘‘black-box’’ approaches. However, rarity can

be meaningfully described only by referring to a scale of analysis (local, regional,

etc.). Therefore, it is necessary to specify the reference area within which rarity is

to be measured. An ecosystem type can have, for instance, a high local rarity, but

not so high a regional rarity. The reference area has to be consistent with the

overall scale of analysis of the EIA, and if possible with existing policies for

biodiversity conservation.

Fig. 1. Examples of computation of the rarity indicator for two ecosystem types (A and B). PAR stands

for Potential Area Remaining.
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Once the rarity has been measured for each type of ecosystem in terms of

percentage of Potential Area Remaining, the next step is the actual assessment of

such percentages. That is, a relationship needs to be established between the

indicator measurements and the perceived ecosystem values. In terms of

protection worthiness for biodiversity conservation, rarer ecosystem types should

be ranked higher than common ones. Therefore, the highest value scores are to be

assigned to the ecosystems that have experienced the largest decline with respect

to their original area.

The problem resides in finding a suitable value score for each measured value

of the indicator, i.e., drawing a functional curve (Dee et al., 1972), as in the

example of Fig. 2. This implies answering questions such as ‘‘how relevant is an

ecosystem type that experienced a loss of X% with respect to one that

experienced a loss of Y%?’’ Because there appear not to be an objective basis

for carrying out such an assessment, the evaluation is to rely on existing targets

set in policies for biodiversity conservation or on expert’s judgements. Regardless

of the difficulty of making such judgements, they are an inherent part of the

evaluation, and must be properly addressed during the impact assessment.

Fig. 2 shows a hypothetical functional curve for the rarity indicator. The

curve is monotonically decreasing, because the lowest indicator values corre-

spond to the ecosystem types that experienced the largest decline, hence that

are considered more valuable. In the example, a score of one was assigned to

indicator values smaller than 10. This means that the ecosystem types whose

actual cover is less than 10% of their original one are assigned the maximum

relevance, with respect to the objective of preserving biodiversity in the study

area.

The application of the functional curve allows to attach to each ecosystem a

value score, which is to be used during the impact assessment to estimate the

relevance of the expected ecosystem losses. The approach offers the advantage of

      

Fig. 2. Example of functional curve for rarity.
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relying on an objective and quantitative indicator to express rarity, and of

introducing subjective judgments only in the last stage of the evaluation. Such

judgments are expressed in a transparent way so that the relationship between the

facts (i.e., the Potential Area Remaining of each ecosystem type) and the values

(i.e., the level of importance attached to each percentage) is explicitly provided.

Subjectivity is an inherent component of each evaluation and cannot be

eliminated. However, as maintained by Antunes et al. (2001), the results of an

evaluation may become more credible if they are obtained by the application of

an a priori-defined and transparent methodology, with clearly stated assessment

criteria and making full use of the available information.

It is worth noting that the proposed indicator does not account for the inherent

rarity of ecosystems, but only for the rarity that resulted from human interventions.

Therefore, ecosystems that are rarely found in nature (e.g., because they require

specific environmental conditions or because they are particularly fragile), but that

are currently well preserved will get a low score. This is because the approach, as

further discussed later on in the text, is tailored to ecological assessment in man-

dominated landscapes. Such landscapes are usually devoid of inherently rare and

fragile ecosystems, and therefore require specific criteria and indicators to

distinguish different degrees of protection worthiness. The proposed indicator

allows doing that, starting from the fundamental objective of biodiversity

conservation, which is to maintain the landscape features as similar as possible

to the original ones. Concluding, the use of the rarity indicator to assess ecological

relevance is certainly not enough to carry out complete ecological evaluations, but

it appears suitable for the need of a BIA within urbanised landscapes.

2.3. Assessing the ecosystem-loss impact

The total amount of land that is to be occupied by the completed road scheme

is defined as ‘‘land-take’’ (Byron et al., 2000; Treweek et al., 1993). A common

approach to estimate the ecosystem-loss impact consists in representing the land-

take through a buffer that extends along the road axis (De Amicis et al., 1999;

Treweek and Veitch, 1996; Patrono, 1993; Sankoh et al., 1993). Ecosystems lying

within the buffer are considered to be lost. The width of such a buffer ranges from

few tens to few hundreds meters, according to the view of different authors and to

the road type (see, for example, Stoms, 2000; Heinrich and Hergt, 1996;

Lanzavecchia, 1986).

Following this approach, the input required to predict the ecosystem-loss

impact is represented by a map of the natural ecosystems occurring within the

study area and by a map of the alternative road layouts proposed for the project

under consideration. First of all, it is necessary to estimate a space-occupation

buffer for each of the alternatives. Afterwards, the ecosystem loss can be

computed by overlaying such a buffer with the ecosystem map. The overall

impact is quantified by multiplying the value of each ecosystem type (computed

as presented in the previous sub-section) for its predicted area loss and by
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summing-up the result. Consequently, for each project alternative, the impact

score is to be assigned according to the following expression:

ELi ¼
Xn

j¼1
ðAjVjÞ ð1Þ

where: ELi= ecosystem-loss impact score of alternative i; Aj = predicted area loss

for ecosystem type j; Vj= assessed rarity value of ecosystem type j; n = number of

ecosystem types.

The computation of the impact score allows to compare the project alternatives

and rank them according to their expected impact in terms of natural ecosystem loss.

The remaining of the paper illustrates and discusses the application of the

methodology to a case study.

3. Application to a case study

3.1. Project and study area

The study area includes a stretch of the Adige Valley, a large alpine valley that

crosses the central part of the Autonomous Province of Trento, in northern Italy

(see Fig. 3). Despite the high density of infrastructures, this sector of the valley

suffers from traffic congestion. To reduce the pressure of traffic, the local

authorities have decided to strengthen the existing road network by constructing

a new motorway. The motorway is to provide a connection between the northern

outskirt of the town of Trento and the beginning of the Non Valley (see Fig. 3).

Six routes proposed to link these two locations will be considered in this study, as

shown in Fig. 4. They have a length of about 20 km and they all include at least

one tunnel to cope with the complex geomorphology and with the intensive land

use that characterise the area.

The area crossed by the road development is a typical man-dominated

landscape in which few natural ecosystems remain within an artificial matrix,

made of urban settlements and cultivated fields. The fertile and flat soils of the

alluvial plain and fans offer excellent conditions for agriculture. That is reflected

by the intensive use of the land for products that have a high economic value, such

as vineyards and apple orchards. The scattered remnants of natural vegetation are

represented mainly by wetlands and by patches of meso-phytic woodlands. Owing

to their scarceness within the Adige Valley and the whole Province, these remnant

ecosystems play a relevant role for the conservation of biodiversity, providing a

suitable habitat for several rare and endangered species and an important stepping

stone along the migratory routes. The study area is crossed from North to South by

two rivers: the Noce and the Adige (see Fig. 3).

The design of the road alternatives reveals the intention of sparing the valuable

agriculture land. As a result, the selected routes appear to ‘‘connect the dots’’

among the remnant natural areas, posing a serious threat to their conservation.
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Fig. 3. Location of the Autonomous Province of Trento in Italy and of the study area within that Province. A and B indicate the locations to be connected by the road

project.
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For ecological concerns to be actually included in the decision-making and

balanced against the other effects of the road, it is fundamental to carry out a

sound appraisal of the expected impacts on biodiversity. In particular, a clear

evaluation of the ecological relevance of the land along the different routes and a

subsequent assessment of the value loss caused by the project need to be

provided. This is presented in the remaining of the paper. This study is part of

a broader research project in which the impact of the proposed road alternatives

has been assessed with respect to several environmental and socio-economic

criteria, such as geomorphologic hazards, agriculture productivity, and visibility

(Geneletti, 2000; Alkema et al., 2000).

Fig. 4. The six road layouts (tunnels are represented in white).
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3.2. Ecosystem mapping

The natural ecosystems remaining within the Adige Valley’s floors were

mapped at a 1:10,000 scale by integrating the woodland maps available at the

Forest Survey of the Autonomous Province of Trento with the interpretation of a

set of colour aerial photos, supported by extensive field surveys (Geneletti, in

press). The photos were acquired in July 2000 and have a spatial resolution of 2

m. The different ecosystem types were classified according to the dominant or co-

dominant species in the uppermost vegetation layers, as suggested by Csuti and

Kiester (1996). The resulting ecosystem map is shown in Fig. 5. Five different

types of natural ecosystems were found in the study area (the phytosociological

information has been derived from Pedrotti, 1981, 1982):

& Beech woodland. It is characterised by the dominance of European beech

(Fagus sylvatica). From a phytosociological viewpoint, it has been described

Fig. 5. Ecosystem map of the study area. A and B indicate the locations to be connected by the road

project.
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as Carici-fagetum and Luzulo-fagetum. It is present especially within the Non-

Valley.

& Orno-ostryetum woodland. It is characterised by the co-dominance of two tree

species, hornbeam (Ostrya carpinifolia) and ash (Fraxinus ornus), and by the

presence of oak (Quercus pubescens). Owing to its peculiar tree composition,

it was decided to refer to this woodland type by using its phytosociological

name, which makes it immediately recognizable. It is the most common (in

terms of surface) natural vegetation type that can be found within the study

area.

& Red Fir woodland. It is characterised by the dominance of the Red fir (Picea

excelsa) and by the presence of larch (Larix decidua), and more rarely Pinus

Cembra. From a phytosociological viewpoint, it has been described as Picetum

montanum. It is present in few small patches mainly scattered within the Non-

Valley.

& Scots pinewood. It is characterised by the dominance of the Scots pine (Pinus

sylvestris) and it belongs to the phytosociological association Erico-Pinetum

sylvestris.

& Riverside vegetation (Rv). It is characterised by the presence of Black alder

(Alnus glutinosa), Speckled alder (Alnus incana), and more rarely willow

(Salix alba and Salix elaeagnos). It is made of several phytosociological

association, among which the most common is the Alnetum glutinoso-incanae.

It is present along few stretches of the main rivers that cross the area.

3.3. Ecosystem evaluation

The first step of the ecosystem evaluation consisted in computing the PAR

indicator for each ecosystem type. As discussed in Section 2.2, assessing the

rarity of the ecosystems requires the identification of a reference area, within

which to compute the percentages of the potential cover remaining (see Fig. 1). A

meaningful reference area for the case study is represented by the entire territory

of the Autonomous Province of Trento (APT). This is because such an area

represents also the administrative context within which land-management deci-

sions are taken. However, a suitable ecosystem map of the whole province is not

available, and constructing it from scratch is too big an effort for the present

study. Consequently, a smaller reference area was selected by extending the study

area to the surrounding mountains and valleys, so as to include roughly the whole

rectangular area pictured in Fig. 3. This area comprises a wide range of

landscapes, and to some extent, it can be considered as a representative sample

of the territory of the APT.

A potential-vegetation map was available for the whole reference area

(Pedrotti, 1982, 1981) and was digitised in the GIS database generated for this

research. This allowed comparing it with the actual ecosystem map. In particular,

the areal coverage of the five ecosystem types was computed for both maps and

used to calculate the PAR indicator values (see Table 1).
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As expected, the riverside type of vegetation is the one that experienced the

greatest loss. Prior to human settlements, this ecosystem type used to occupy

most of the valley floors, but it is now limited to a narrow strip along the main

rivers and to few isolated patches. Also, the meso-phytic broadleaf woodlands,

such as the ones dominated by beech, hornbeam and ash trees, paid their toll to

the human interventions in the area, and especially to the cultivation of vineyards

and orchards. Such crops have replaced the original expanses of forest within the

most favourably oriented slopes.

The next step of the procedure consisted in the actual assessment of the

measured indicator values. This means that these values need to be transformed

into a degree of relevance with respect to the achievement of the general

objective of the evaluation, i.e., the preservation of the natural biodiversity. Such

a degree of relevance can be expressed by a value score, ranging between zero

and one. One corresponds to the highest relevance, i.e., to ecosystems whose

remnant cover has dramatically decreased, posing a serious threat to their chances

of conservation within the area. Zero corresponds to the lowest relevance, i.e., to

ecosystems whose original cover is virtually entirely preserved within the area.

The construction of a functional curve makes explicit the relationship between

the measured indicator values and their perceived relevance. This allows

comparing the relative value of the different ecosystem types, and consequently

quantifying the impacts caused by their loss.

In this research, the author provided the expert’s opinion required to construct

the functional curve. The main purpose here was to illustrate the applicability of

the proposed approach. Ideally, the value assessment, and therefore the construc-

tion of the functional curve, should be carried out by selecting a suitable panel of

experts (possibly including local authorities and public administration specialists)

and by attempting to reach consensual opinions (e.g., through a Delphi survey,

see, for instance, Hess and King, 2002).

For simplicity, a linear piece-wise functional curve was adopted in this study

(see Fig. 6). As shown by the curve, ecosystems whose actual cover is less than

the 15% of their original cover were given the maximum relevance for

biodiversity conservation (i.e., the value of 1). On the other hand, the curve

never reaches the zero value. In particular, ecosystems with at least the 90% of

their original cover were assigned a value of 0.15. This is because, even if an

Table 1

Computation of the rarity indicator for the relevant ecosystem types

Ecosystem type Potential

extent (ha)

Actual

extent (ha)

Rarity

(% PAR)

Scots pinewood 2574 2471 96

Red fir wood 1139 1048 92

Orno-ostryetum 6945 4653 67

Beech wood 5249 1522 29

Riverside vegetation 4742 142 3
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ecosystem type fully preserved its original cover, it was still considered to play a

role in biodiversity conservation, because only natural ecosystems are included in

the evaluation. Conversely, assigning to it a zero value would have been

equivalent to state that its loss did not represent an impact.

It is worth remembering that the functional curve expresses relative differ-

ences in the value of ecosystem types characterised by different rarity levels. So,

for instance, an ecosystem with a PAR of 100% was considered almost seven

times less valuable than an ecosystem with a PAR of 5% (see Fig. 6). The

functional curve was used to compute the values of the five ecosystem types

found within the study area (see Table 2).

3.4. Ecosystem-loss impact assessment

The first step in predicting the impacts of the space occupation of the project

alternatives consists in estimating the extent of such an occupation. Operationally,

this implies identifying and mapping the land-take that is expected, according to

the technical characteristics of the road project. The road project analysed in this

research is to become mainly a four-lane highway. For similar types of roads, the

occupation buffer more often proposed in the literature is of about 120 m, i.e., 60

m from each side of the road (Heinrich and Hergt, 1996; Patrono, 1993;

Fig. 6. The functional curve for rarity.

Table 2

Value assessment for the relevant ecosystem types

Ecosystem type Rarity

(% PAR)

Assessed

value (V)

Scots pinewood 96 0.15

Red fir wood 92 0.15

Orno-ostryetum 67 0.41

Beech wood 29 0.84

Riverside vegetation 3 1
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Lanzavecchia, 1986). Therefore, it was decided to use such a value. A 120-m

buffer was computed for each of the project alternative. The buffers extend only

from the open tracks of the alignments, because the tunnel sections are not to

affect the surface. On the other hand, tunnels cause other significant envir-

onmental impacts (transportation and disposal of quarry waste, noise and air

pollution during the construction phase, etc.), and therefore in practice, they

represent an extremely important factor in the overall assessment of the alter-

natives. However, such impacts are not dealt with in this research.

The buffer maps of the different project alternatives were overlaid with the

map showing the distribution of the natural ecosystems. This allowed to compute

the expected loss for each ecosystem type. Such losses are presented in Table 3.

As it can be seen, the riverbank vegetation represents the habitat type that is to

suffer the most from the presence of the new infrastructure. This is mainly due to

the fact that all the six alternatives heavily interfere with the fluvial system of the

two main rivers, by running along them and crossing them. The design of the

road alignments revealed the willingness of sparing the highly valuable agricul-

ture land at the river corridor’s expenses.

The overall ecosystem-loss impact is quantified by multiplying the assessed

rarity value of each ecosystem type for its predicted area loss in the correspond-

ing alternative and by summing the results, according to expression (1). As a

result, each project alternative is assigned a synthetic impact score, as shown in

Table 3. The units of the impact scores were defined as ‘‘weighted hectares’’

because they represent the losses in hectares weighted by the relevance (i.e., the

assessed rarity value) of each ecosystem type affected.

As discussed in the previous sub-section, the computation of the impact

scores relied on the assumption that the losses of different ecosystem types are

interchangeable, according to the value system expressed by the curve shown in

Fig. 6. This implies, for example, that losing 1 ha of an ecosystem with a value

of 0.2 is equivalent to losing 2 ha of an ecosystem with a value of 0.1.

Table 3

Computation of the ecosystem-loss impact scores (ELi)

Ecosystem losses ELi

Scots

pinewood

Red

fir wood

Orno-ostryetum Beech wood Riverside

vegetation

[weighted ha]

Alternative 1 0.31 0.15 0.00 0.15 6.86 0.41 12.93 0.84 33.69 1.00 47.41

Alternative 2 0.85 0.15 0.00 0.15 3.94 0.41 12.45 0.84 26.79 1.00 38.99

Alternative 3 2.05 0.15 0.00 0.15 10.62 0.41 6.34 0.84 27.42 1.00 37.40

Alternative 4 1.74 0.15 0.00 0.15 3.78 0.41 15.04 0.84 23.07 1.00 37.51

Alternative 5 0.31 0.15 0.00 0.15 4.69 0.35 13.91 0.84 16.41 1.00 29.78

Alternative 6 0.42 0.15 0.00 0.15 12.11 0.41 8.02 0.84 35.74 1.00 47.50

For each ecosystem type, the predicted area loss in hectares (left column) and the assessed value (right

column) are indicated.
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Consequently, the aggregated impact scores have a clear interpretation: a score

of 10 means that the alternative causes the loss of 10 ha of an ecosystem with a

value of one (i.e., an ecosystem whose PAR is less than 15%, see Fig. 6) or any

possible equivalent combination of ecosystem losses (e.g., the loss of 20 ha of

an ecosystem with a value of 0.5, i.e., an ecosystem whose PAR is of about

60%).

The ecosystem-loss impact assessment illustrated in this section shows that

Alternative 5 is the best-performing one (see Table 3). As it can be seen by

comparing Figs. 4 and 5, the alignment of Alternative 5 spares most of the

remnant natural areas by crossing the eastern side of the Adige Valley and by

making use of tunnels or of existing infrastructure corridors. Alternatives 2, 3,

and 4 perform similarly, causing a loss of slightly less than 40 weighted

hectares. Finally, the alignments of Alternatives 1 and 6 appear the least

suitable in terms of ecosystem preservation. The reason of the intense

ecosystem loss caused by these alternatives resides in the fact that they follow

long stretches of the Noce river, affecting the highly valuable vegetation that

cover its banks.

The analyses performed in this section provided a numerical estimation of the

impact on natural ecosystems caused by the proposed alternatives. This result

represents a piece of the mosaic of the whole EIA and it is to be integrated with

the assessment of further types of impact on biodiversity (i.e., fragmentation), as

well as on the other environmental components. This is to provide the decision-

makers with as clear a picture as possible of the trade-offs related to impacts of

the different alternatives, so as to guide their choice.

4. Discussion and conclusions

Transportation infrastructures, and above all road networks, are blamed for

highly contributing to the decrease in both the quantity and the quality of natural

habitat, posing a threat for the conservation of biodiversity. Therefore, a sound

BIA in road planning and development needs to be coupled to other commonly

considered elements, such as traffic prediction or geomorphologic risk assess-

ment.

This paper presented and applied a methodological approach to perform BIA

of roads, focusing in particular on the impact caused by the direct ecosystem loss.

The approach is not meant to provide a comprehensive guidance to BIA, rather to

propose some fundamental analyses that can help in making BIA as routinely

undertaken within the EIA, as other forms of impact assessment (noise, air

pollution, etc.). The ultimate objective of the research is to encourage good

practice within EIAs, so as to eventually strengthen the consideration of

ecological issues in the decision-making for new developments.

The remainder of the section contains a discussion of the advantages and the

limitations related to the application of the proposed approach that emerged
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during the analysis. A particular attention has been given to issues concerning its

operationalisation, and therefore its potential role in real-life EIAs.

4.1. Biodiversity levels

A thorough study on biodiversity should include the analysis of all the four

levels in which biodiversity is typically subdivided, namely the genetic level, the

species level, the ecosystem level, and the landscape level (CEQ, 1993). For this

reason, a preliminary scoping should be carried out to identify the biodiversity

levels that are likely to be affected by the project under analysis. Addressing

biodiversity in all its complexity is most of the time not required. Landscape

diversity, for instance, is to be considered only when dealing with projects

crossing different types of landscape, and therefore affecting their spatial

variability and patterning.

The methodology proposed in this paper focuses on the ecosystem level only.

This level is usually the most relevant, and consequently the one that need to be

fully investigated when dealing with road projects. Moreover, as stated in Noss

and Cooperrider (1994), conservation is in many cases most efficient when

focused directly on ecosystems: by maintaining intact an ecosystem, the species

that live in it will also persist. Following this principle, recent nature-conservation

strategies have partially shifted from single-species management to the so-called

‘‘coarse-filter’’ approach (Stoms, 2000; Noss, 1987). The objective of the coarse-

filter approach is to protect most species in a region by conserving samples of

every ecosystem type.

However, addressing the ecosystem-level only during an EIA may not be

enough. In some cases, it may be necessary to undertake specific studies on the

genetic or species level too. For instance, different ecosystems could be valued

not only for the rarity of their vegetation cover, but also by virtue of the presence

of rare or endangered or, anyway, relevant animal and plant species. Unfortu-

nately, such analyses require a considerable amount of information on the

distribution of species with a level of spatial detail that is usually unavailable.

Therefore, additional surveys are often required. Such surveys are extremely

resource-consuming, and should be limited to the areas where they are actually

needed. In similar situations, the impact assessment performed in this study could

represent a preliminary analysis aimed at highlighting those sites worth of further

investigations.

4.2. BIA and man-dominated landscapes

The proposed approach is particularly tailored for applications in man-

dominated landscapes for the following reasons:

& It is based on the systematic assessment of the impact on all the natural

ecosystems present in the study area. This avoids the common shortcoming of
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addressing only sites already designated for nature conservation, which are

typically missing in man-dominated landscapes.

& It is based on the use of current and potential maps of the vegetation cover,

therefore on data relatively common or anyway simple to acquire. Further

ecological data are usually not available in urbanised landscapes.

Due to the scarceness of unspoilt areas, there is a growing interest,

especially in Europe, on the conservation of biodiversity within man-dominated

landscapes. This is testified by recent efforts in planning and establishing

ecological networks within agricultural and urbanised areas (Geneletti and

Pistocchi, 2001; Cook, 2000; Jongman, 1995). Consequently, a sound BIA

must be carried out even for projects affecting areas that have already

experienced a heavy human pressure. This calls for an adequate evaluation

of the remnant natural ecosystems, as proposed in the methodology applied in

this paper. If this is not performed, such areas face the risk of being quickly

labeled as ‘‘devoid of any ecological relevance’’, opening the way to uncon-

trolled impacting activities.

4.3. Road planning and EIA

The assessment of the impacts caused by the different alternatives was

performed by referring to a general space-occupation buffer, estimated from the

available information about the project. Such information was limited because the

project was only in the planning phase. In particular, most technical details, such

as the exact width of the paved area, the presence of bridges or viaducts, the

location of the road-yard and parking lots, were missing. Such details are

fundamental to permit a more reliable quantification of the space occupation of

the infrastructure. On the other hand, developers are reluctant to finance the design

of operational projects when several alternatives are proposed and the final one has

not been identified yet. Therefore, this case study can be considered as a likely

situation.

EIA studies dealing with several alternatives need to expect not be able to

count on final blueprints, but rather on designs that are not fully detailed. Even

though based on imprecise information, the EIA has the task of identifying the

most suitable land corridor through which the project can be designed. Once the

least-impacting corridor has been identified, the appointed engineers provide the

operational project. At this point, the impact assessment can be refined. This is

particularly relevant when the law enforces compensation measures for impacts

such as habitat loss (see, for instance, Cuperus et al., 2001, 1999). Adequate

compensations can be proposed only when the project details are known, and

consequently the losses can be estimated more precisely.

Concluding, the approach proposed for impact assessment is suitable as a

preliminary way to identify and suggest the preferred alternative layout. To

estimate more precise impact figures, and consequently to propose adequate
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compensation measures, the detailed operational project of the selected altern-

ative is required.

4.4. Ecosystem evaluation

The approach proposed relied on the evaluation of the significance of the

different ecosystem types in terms of biodiversity conservation. This required the

establishment of a ‘‘value system’’ (i.e., the functional curve shown in Fig. 6).

However, it appears neither advisable nor feasible that each and every EIA

generate its own value system for the assessment of rarity, or whatever other

ecological criterion. This would result in a very heterogeneous assessment for the

same object throughout the same region, and would complicate the procedure of

both compiling the EIA report and reviewing it. It appears much more adequate,

considering both feasibility and effectiveness, that the local administration

provides its own standards and its own value systems in the form, for instance,

of a Biodiversity Conservation Plan, with which the evaluation performed in

every EIA must comply.
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Abstract: Using corridors for conservation is increasing despite a lack of consensus on their efficacy.

Specifically, whether corridors increase movement of plants and animals between habitat fragments has

been addressed on a case-by-case basis with mixed results. Because of the growing number of well-designed

experiments that have addressed this question, we conducted a meta-analysis to determine whether corridors

increase movement; whether corridor effectiveness differs among taxa; how recent changes in experimental

design have influenced findings; and whether corridor effectiveness differs between manipulative and natural

experiments. To conduct our meta-analysis, we analyzed 78 experiments from 35 studies using a conservative

hierarchical Bayesian model that accounts for hierarchical and sampling dependence. We found a highly

significant result that corridors increase movement between habitat patches by approximately 50% compared

to patches that are not connected with corridors. We found that corridors were more important for the

movement of invertebrates, nonavian vertebrates, and plants than they were for birds. Recent methodological

advances in corridor experiments, such as controlling for the area added by corridors, did not influence

whether corridors increased movement, whereas controlling for the distance between source and connected or

unconnected recipient patches decreased movement through corridors. After controlling for taxa differences

and whether studies controlled for distance in experimental design, we found that natural corridors (those

existing in landscapes prior to the study) showed more movement than manipulated corridors (those created

and maintained for the study). Our results suggest that existing corridors increase species movement in

fragmented landscapes and that efforts spent on maintaining and creating corridors are worthwhile.

Keywords: connectivity, corridors, habitat fragmentation, immigration, meta-analysis

Una Revisión Meta-anaĺıtica de la Efectividad de los Corredores

Resumen: La utilización de corredores para la conservación está incrementando no obstante la falta

de consenso sobre su eficacia. Espećıficamente, śı los corredores incrementan el movimiento de plantas y

animales entre fragmentos de hábitat ha sido abordado caso por caso, con resultados mixtos. Debido al

creciente número de experimentos bien diseñados para abordar esta pregunta, realizamos un meta-análisis

para determinar śı los corredores incrementan el movimiento; śı la efectividad de los corredores difiere

entre taxa; cómo han influido en los resultados los recientes cambios en el diseño experimental; y śı la

efectividad del corredor difiere entre experimentos manipuladores y naturales. Para realizar el meta-análisis,

analizamos 78 experimentos de 35 estudios mediante un modelo Bayesiano jerárquico conservador que

considera la dependencia jerárquica y de muestreo. Obtuvimos un resultado altamente significativo en el

que los corredores incrementan el movimiento entre fragmentos en casi 50% en comparación con fragmentos

que no están conectados con corredores. Encontramos que los corredores fueron más importantes para el

movimiento de invertebrados, vertebrados excepto aves y plantas que para las aves. Los avances metodológicos

recientes en los experimentos de corredores, como controlar el área agregada por los corredores, no influyó en

el incremento de movimiento por los corredores, mientras que el movimiento por los corredores disminuyó

al controlar la distancia entre la fuente y los fragmentos recipientes conectados o no conectados. Después

§Address correspondence to: K. H. Beard, email karen.beard@usu.edu
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de controlar las diferencias entre taxa y śı los estudios controlaban la distancia en el diseño experimental,

encontramos que los corredores naturales (aquellos que existen en paisajes antes del estudio) mostraron más

movimiento que los corredores manipulados (aquellos que fueron creados y mantenidos para el estudio).

Nuestros resultados sugieren que los corredores existentes incrementan el movimiento de especies en paisajes

fragmentados y que los esfuerzos para mantener y crear corredores valen la pena.

Palabras Clave: conectividad, corredores, fragmentación del hábitat, inmigración, meta-análisis

Introduction

Habitat fragmentation, a frequent consequence of habitat
loss, is a primary threat to populations and species (Han-
ski 1998; Wilcove et al. 1998) because isolated subpop-
ulations are expected to experience reduced population
viability and ultimately greater risk of extinction (Hilty
et al. 2006). Colonization and gene flow between habitat
patches, however, can mitigate these effects (MacArthur
& Wilson 1967; Brown & Kodrick-Brown 1977). Thus,
movement across the landscape is critical for popula-
tion and species survival (Haddad et al. 2003). Further-
more, the ability to disperse from one habitat to an-
other is becoming increasingly important given expected
range shifts with climate change (McLaughlin et al.
2002).

Land managers have few methods for increasing im-
migration between habitat patches. A favored option is
to create landscape corridors because it has the poten-
tial to increase migration rates of many species. Never-
theless, there has been much debate about whether or
not organisms actually use corridors (Beier & Noss 1998;
Haddad 2008). In a review of corridor studies, Beier and
Noss (1998) found that few studies that tested whether
corridors increased movement adequately addressed the
topic; most of the studies they examined lacked replica-
tion, had improper controls, or used inappropriate study
organisms. Thus, land managers have in the past imple-
mented corridors without scientific consensus on their
utility or guidance on their design (Hess & Fischer 2001;
Bennett et al. 2006).

Only over the last 10 years have studies adequately ad-
dressed the efficacy of corridors and overcome design
flaws described by Beier and Noss (1998). Therefore, un-
til recently, the ability to determine corridor effectiveness
has been limited. Although many of the more recent stud-
ies conclude that corridors are effective (e.g., Castellón &
Sieving 2006; Damschen et al. 2006; Baker 2007), some
studies have not (e.g., Collinge 2000; Hoyle & Gilbert
2004; Rantalainen et al. 2005). In addition, although the
results from an individual study may be convincing, each
study only addresses the issue on a case-by-case basis, of-
ten with a limited number of species and replicates and in
one ecosystem. Thus, any single study does not address
the primary question about corridors that needs answer-
ing: Do corridors increase movement between habitat
patches for a diverse set of organisms across a wide range
of ecosystems?

Meta-analysis is an effective way to synthesize corridor
research because it combines data collected through a
variety of methods, across a range of scales, and with a
diverse set of species. Additionally, a meta-analysis can
be used to address important unanswered questions in
corridor research, such as which attributes of corridor
design make them most effective (Haddad 2008). We
used meta-analysis to address some unresolved questions
about corridors: Do corridors increase movement? Does
corridor effectiveness differ among taxa? How have re-
cent changes in the design of corridor studies influenced
conclusions about corridor effectiveness? Is the effective-
ness of corridors restricted to manipulative experiments
(i.e., experiments in which researchers created and main-
tained isolated patches and corridors) or are corridors
similarly effective in real-world landscapes?

Methods

We searched for studies that examined the relation-
ship between corridors and movement by conduct-
ing keyword searches in Web of Science (ISI) and
the Wildlife and Fisheries Worldwide electronic biblio-
graphic databases. We used different combinations of
the keywords corridor, movement, effectiveness, con-

nectivity, and habitat connectivity. We also searched
the Digital Dissertations database for unpublished theses
and dissertations. We found additional studies through
cited references and contacted authors when data were
not readily available in manuscripts.

We found a total of 130 laboratory and field studies
dating from 1985 to 2008, but we only used studies with
replicated corridor and control treatments. We defined
a corridor as a narrow, linear (or near-linear) piece of
habitat that connects two larger patches of habitat that
are surrounded by a nonhabitat matrix (Beier & Noss
1998). We defined controls as two unconnected patches
of similar habitat surrounded by a nonhabitat matrix. We
excluded studies that used the matrix itself as the con-
trol treatment rather than unconnected habitat patches.
We used both direct and indirect measures of movement
as response variables (see Supporting Information). Di-
rect measures included measurement of the proportion
of individuals that moved, movement rate of individuals
(e.g., Collinge 2000; Brinkerhoff 2002), and number of
seeds moved (e.g., Haddad et al. 2003). Indirect measures
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included measurement of species abundance and rich-
ness (e.g., Mabry et al. 2003; Rantalainen et al. 2004),
which could result if corridors facilitate dispersal in other-
wise isolated patches via the rescue effect (Hanski 1999).

We used the following additional decision criteria. If
the study was conducted over multiple years, we used
the last year of data to control for the nonindependence
of temporal data (Gurevitch & Hedges 2001). When they
were part of the study design, we used “winged” or “bro-
ken corridor” as opposed to “rectangle” patch as controls
(e.g., Hoyle & Gilbert 2004; Levey et al. 2005). Winged
and broken corridors added area to control patches and
controlled for potential drift-fence effects of corridors,
whereas rectangular patches only added area to control
patches. If data from an experiment were presented in
multiple studies, we used the study that provided the
clearest analysis of movement through corridor and con-
trol treatments (e.g., Gonzalez et al. 1998; Aars & Ims
1999). If studies measured movement in corridors of dif-
ferent widths or lengths, we used the treatment with the
narrowest or longest corridor because we thought these
were more representative of real-world corridors and
would be more likely to be used as a conduit for move-
ment rather than as increased habitat (Soulé & Gilpin
1991; Andreassen et al. 1996). We excluded studies that
were based solely on models (e.g., Falcy & Estades 2007)
or in which species did not move of their own volition
(e.g., Perault & Lomolino 2000; Forbes & Chase 2002;
Falcy & Estades 2007).

We identified five research questions to address with
the meta-analysis, each based on some covariate of inter-
est in the data. We determined if there were differences
in movement across corridors for each of the following
covariates: animals (invertebrates, birds, nonavian ver-
tebrates) and plants; experiments that did and did not
control for area; experiments that did and did not con-
trol for distance between source and recipient patches;
manipulative (i.e., patches and corridors were created
and maintained for the experiment) and natural experi-
ments (i.e., prior to the experiment, the corridor existed
on the landscape, which may have been modified by hu-
mans but not for the purposes of the experiment); and
experiments conducted at one study site, the Savannah
River Site, South Carolina (U.S.A.), where 40% of the ex-
periments were conducted, compared to all other study
sites. Data classifications (e.g., organism type, control for
area) were derived directly from manuscripts.

To determine whether movement differed between
corridor and control treatments among these covari-
ates, we used a meta-analysis model with random effects
(REMA) and a hierarchical Bayes linear model (HBLM)
(Stevens & Taylor 2009), which controls for both sam-
pling dependence and hierarchical dependence. Sam-
pling dependence occurs in multiple-treatment studies
(Gleser & Olkin 1994), where one control group is com-
pared with more than one experimental group. Hierar-

chical dependence occurs when many experiments are
performed as a part of a single study (e.g., the response
of many species is reported for the same experimental
units [Stevens & Taylor 2009]). Accounting for depen-
dence in a meta-analysis model (such as our HBLM) re-
duces the effective sample size and decreases the weight
of dependent and extreme estimates of effect size, which
leads to more conservative results. Results from the REMA
and HBLM analyses were similar (similar significant dif-
ferences were found with both models); therefore, we
only report the results of the HBLM. Statistical methods
for both models are available (Kulmatiski et al. 2008;
Stevens & Taylor 2009) and were implemented in R (R
Development Core Team 2008) with the metahdep pack-
age (Stevens & Nicholas 2009). Finally, we used a mul-
tiple regression approach with backward elimination to
compare the results of models with one covariate to the
results of a model with multiple covariates. The model
started with all covariates, and the covariates with the
largest p-value were iteratively dropped until all remain-
ing p values were < 0.10.

To conduct the analyses, for each experiment i, we
used the mean (Xe, Xc) and standard deviation (Se, Sc)
of the response variable and the number of replicates
(Ne, Nc) for both the corridor and control treatments to
calculate the unbiased estimate of effect size, d (Cooper
& Hedges 1994; Gurevitch & Hedges 2001):

di = J i
Xe − Xc

Sp
, (1)

where Sp is the pooled standard deviation of the experi-
ment;

Sp =
√

(Ne − 1) S2
e + (Nc − 1) S2

c

Ne + Nc − 2
, (2)

where Ji is the unbiasing constant for the effect size d for
each experiment;

J i = 1 − 3

4 (df i) − 1
, (3)

where dfi is the error degrees of freedom for each exper-
iment; and

df i = Ne + Nc − 2. (4)

Thus, the effect size d is the difference in SD units
between the means of experimental and control groups.
The variance of di was calculated as

Vi = J 2
i · df i

df i − 2
·
(

1

Ne
+ 1

Nc

)
+

(
J 2

i · df i

df i − 2
− 1

)
· d2

i . (5)

Experiments with Ne = Nc = 2 (i.e., df = 2) caused nu-
merical problems (dividing by zero) in the calculation of
V . Dividing by zero occurred in five experiments: two in
one study (Andreassen et al. 1998) and three in another
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(Haddad et al. 2003). So these experiments were pooled
by study in an analysis of variance model and resulted
in df = 4 for each study, which we used to calculate
Vi. Combining experiments introduced sampling depen-
dence for these studies, but was controlled for statistically
by the HBLM model. The combined response variables
were arbitrary because only df and the mean square for
error were needed for analysis. Finally, we omitted two
experiments from the data set: one with Ne = Nc = 2,
which could not be combined with another experiment
from the same study (Coffman et al. 2001), and one that
reported Se = Sc = 0 (Darcy & Eggleston 2005), which
resulted in an undefined d.

In our study d > 0 indicates corridors increased move-
ment between patches, whereas d < 0 indicates corridors
did not increase movement. We used the conventional
interpretation of the magnitude of the effect size (Co-
hen 1988). To ease interpretation of d, we plotted the
relationship between d and the proportional change in
movement rate (Xe − Xc) / | Xc | for each experiment.
We conducted a Kolmogorov–Smirnov test to determine
whether effect sizes were normally distributed. We deter-
mined potential effects of publication bias through visual
observation of a funnel plot and a normal quantile plot
of the standardized estimates of d (Wang & Bushman
1998).

Results

The final data set consisted of 78 experiments from 35
studies from 16 ecological journals, theses, and disser-
tations between 1988 and 2008 (Supporting Informa-
tion). They included experiments involving amphibians
(1 species), birds (7), fishes (2), invertebrates (29), mam-
mals (22), and plants (17). Effect sizes were distributed
normally (p = 0.74). A funnel plot showed possible, but
very weak, evidence of publication bias, whereas the
normal-quantile plot supported the conclusion that no
bias existed.

Three of the 35 studies had sampling dependence (An-
dreassen et al. 1998; Baur 1991; Haddad et al. 2003).
Overall, 17 of the 35 studies had mild hierarchical depen-
dence (two to three species), but only four of those had
data for over four species (Baur 1991; Tewksbury et al.
2002; Haddad et al. 2003; Rantalainen et al. 2004; Darcy
& Eggleston 2005).

Overall, 60 experiments showed positive effect sizes,
which suggests corridors increased movement between
habitat patches, and 18 experiments showed negative ef-
fect sizes (Fig. 1). Across all studies, the mean effect size
was positive, of medium strength, and highly significant
(d = 0.48 [SE 0.10], p = 0.0001), meaning there was
a positive effect of corridors on movement. Statistically,
d = 0.48 means that, on average, corridors increased

Figure 1. Number of corridor experiments by effect

size. Positive effect sizes suggest species dispersed more

to habitat patches connected by corridors than to

unconnected patches (n = 78 experiments).

movement between habitat patches by approximately 0.5
SD compared with controls. When we compared d with
the proportional change in movement rate, d = 0.48 rep-
resented an approximately 50% increase in movement
between habitat patches connected by a corridor rela-
tive to movement between unconnected habitat patches
(Fig. 2).

Plant movement was higher than animal movement in
the single covariate models (p = 0.037). When we divided
the animal category into bird, invertebrate, and nona-
vian vertebrates, we found no difference in movement
through corridors among taxa in the single covariate

Figure 2. Relationship between effect size (d) and the

proportional movement increase (Xe − Xc) / | Xc |) for

each corridor experiment. To aid visualization, both

axes are log scale. The dashed line indicates equality.
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Figure 3. Mean effect size (solid circles) and residual effect size estimates after accounting for other covariates

(open circles)(SE 1) (a) for birds (n = 7), invertebrates (n = 29), plants (n = 17), and nonavian vertebrates

(n = 25); (b) between studies controlling (n = 28) and not controlling for area (n = 50); (c) between studies

controlling (n = 44) and not controlling for distance (n = 34); and (d) between manipulated (n = 66) and

natural experiments (n = 12).

model (with bird as the reference level vs. invertebrates,
nonavian vertebrates, and plants; p = 0.977, 0.861, and
0.136, respectively; Fig. 3a). Nevertheless, after account-
ing for the other covariates in the multiple-regression
analysis, there was a difference among these taxa. Specifi-
cally, after controlling for distance-control and natural dif-
ferences, there was no difference in the amount of move-
ment through corridors for invertebrates, nonavian verte-
brates, and plants, but all three taxa showed more move-
ment through corridors than birds (p = 0.003, 0.006,
0.001, respectively; Fig. 3a). We used birds as the ref-
erence level in both models because we had differences
only when birds were the reference level in the backward
elimination model.

In the single covariate models, experimental design
had no effect on movement through corridors, specifi-
cally between experiments that controlled for area and
those that did not (p = 0.645; Fig. 3b) and between exper-
iments that used the same distance between source and
recipient patches (whether connected or not) and those
that did not (p = 0.415; Fig. 3c). Nevertheless, after con-
trolling for taxa and natural and manipulated differences
in the multiple-regression analysis, experiments that con-
trolled for distance showed significantly less movement
than experiments that did not (p = 0.022; Fig. 3c).

Movement through manipulated (created) and natu-
ral corridors did not differ in the single covariate model
(p = 0.680; Fig. 3d). Nevertheless, after controlling for
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Figure 4. Mean effect size (SE 1) for manipulative

experiments not conducted at the Savannah River Site

(SRS) (n = 35), manipulative experiments conducted

at the Savannah River Site (n = 31), and natural

experiments (n = 12).

taxon and distance-control differences in the multiple-
regression analysis, which reduced the large variation in
this covariate, natural experiments showed more move-
ment through corridors than experiments with created
corridors (p = 0.005; Fig. 3d).

Movement through corridors in studies conducted
at the Savannah River Site was greater than move-
ment through corridors in studies conducted elsewhere
(p = 0.011). This finding was not significant in the
multiple-regression analysis after controlling for taxon,
distance-control, and manipulative and natural differ-
ences (p = 0.575). It is likely that this result was not
significant in the multiple-regression analysis because the
other covariates removed some of the predictive ability of
the Savannah River Site (i.e., there were no plant studies
conducted outside Savannah River and all experiments at
Savannah River were considered manipulative).

When we compared studies conducted at the Savannah
River Site, manipulative studies conducted elsewhere,
and all natural experiments, we found there was more
movement through corridors in studies at the Savannah
River Site than in manipulated studies conducted else-
where (p = 0.004; Fig. 4), although was no difference
between manipulative (conducted at Savannah River or
elsewhere) and natural studies (p = 0.124; Fig. 4).

Discussion

Taxa Differences

The meta-analytic approach we used here is highly
conservative compared with other meta-analytical ap-

proaches (Kulmatiski et al. 2008), and we found that
movement was greater between habitat patches con-
nected by a corridor than between isolated habitat
patches. The meta-analysis revealed that corridors have
a medium effect (as defined in Cohen 1988) on move-
ment between patches across scales, organisms, and
ecosystems. In what is probably more relevant from
an ecological perspective, there was approximately 50%
more movement between habitat patches connected by
a corridor than between isolated habitat patches. Al-
though the effect size was not unusually strong com-
pared with other meta-analyses (Kulmatiski et al. 2008), it
supported the majority (77%) of single experiments that
showed corridors are generally effective in increasing
movement.

Almost one-quarter of the experiments (23%) showed
that corridors were less effective than the nonhabitat ma-
trix in facilitating movement between habitat patches.
Of the 18 experiments that showed corridors were less
effective, 10 were conducted with insects, five with non-
avian vertebrates, two with birds, and one with a plant.
There are several potential explanations for this result.
For example, organisms may use matrix habitat rather
than corridor habitat if matrix habitat has been misclassi-
fied as nonhabitat for a study organism; the scale of the
experiment might be inappropriate for the study organ-
ism to perceive corridor and matrix habitats; and organ-
isms may not respond to corridors perceived as equal or
of only slightly greater quality habitat than the surround-
ing matrix, considering the greater availability of matrix
habitat. That almost a quarter of the studies showed or-
ganisms used matrix habitat rather than corridors to move
between habitat patches furthers the idea that although
corridors may be used by many species, they are unlikely
to be used by all species, and whether corridors are rel-
evant for land managers may depend on the species of
interest (Haddad & Tewksbury 2006).

Land managers and conservationists need general
guidelines on which species are most likely to bene-
fit from corridors (Hudgens & Haddad 2003; Damschen
et al. 2008; Haddad 2008). Because species use land-
scapes differently (Manning et al. 2004), corridor effec-
tiveness likely depends on life history (Gillies & St. Clair
2008). We investigated the most extreme positive and
negative effect sizes from single experiments in our re-
view, but it provided little insight into which species may
use corridors. For example, we found that land snails may
not use corridors (Baur 1991), but we also found that
mice, which disperse more readily, respond both very
positively (Lanoue 1988) and very negatively to corridors
(Orrock & Danielson 2005). Thus, we attempted to deter-
mine how species use corridors differently by addressing
the question on a taxon basis to determine whether we
could generalize corridor use more broadly.

Most corridors are created for terrestrial vertebrates, in-
cluding birds (Harris & Scheck 1991), although our data
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suggest that invertebrates and plants also benefit from
corridors (Haddad et al. 2003). We found that corridors
were likely to work equally well for all taxa, except for
birds, which were less likely to move through corridors
than nonavian vertebrates, invertebrates, and plants (al-
though this finding was based on a small number of bird
studies; n = 7). This result is ecologically intuitive be-
cause birds may be able to fly over sections of matrix
habitat that may restrict movement of many species. In
addition, it may be more difficult to appropriately scale
experiments for birds, which often travel relatively eas-
ily over large distances. It is important to note that birds
did have an overall positive effect size (0.382 ± 0.191)
that was different from zero (p = 0.049), which suggests
birds do use corridors more than matrix habitat to tra-
verse between habitat patches. Thus our results support
implementation of corridors to increase bird movement
(Harris & Scheck 1991).

We found some evidence that plants were more likely
to move through corridors than animals, although this
result is difficult to interpret. First, this analysis is con-
founded by the fact that all plant studies were conducted
at one research site and thus in one ecosystem type, the
Savannah River Site. Second, movement of plants through
corridors is complicated by its connection to movement
of animals, with seed dispersal and pollination greatly
aided by avian and nonavian vertebrates and insect vec-
tors (Tewksbury et al. 2002). For example, a long-term
study at the Savannah River Site shows that corridors in-
crease plant colonization, whether assisted by nonavian
vertebrates, wind, or unknown vectors (Damschen et al.
2008), but that plant movement predictions are currently
more accurate for animal vectors than wind vectors. Fur-
ther investigation into the effects of corridors on plant
movement in other ecosystems and a more complete un-
derstanding of the relationship between dispersal mech-
anisms and connectivity is needed before findings can be
generalized.

Methodology

In addition to an increase in connectivity, corridors in-
crease habitat area, which likely increases population
size and species diversity through species–area relation-
ships. Recently researchers have tried to control for this
by adding winged patches (recipient patches with habi-
tat extensions on opposite sides that are each the same
width and half the length of the corridors), broken cor-
ridors (source and recipient patches with a corridor be-
tween them, which have a break so that the corridors
do not actually connect the patches), and rectangular
patches (recipient patches that have the area of the cor-
ridor added to them) to their experimental design (e.g.,
see Hoyle & Gilbert 2004; Levey et al. 2005). Because
patches with larger areas should have more individuals
and therefore more species (Arrhenius 1921; MacArthur

& Wilson 1967), we expected studies that did not ac-
count for area differences between corridor and control
treatments would show greater effects of corridors on
movement than studies that did account for these dif-
ferences. We did not find this, which suggests that area
added to habitat patches by corridors does not explain
corridor effectiveness (Tewksbury et al. 2002). Further-
more, this result suggests that the area effect is not de-
tectable. Thus, results from studies investigating corridor
effectiveness, which have not controlled for area, are not
likely an artifact of poor study design.

Similarly, many early studies on corridors did not use
control (unconnected) patches and connected patches at
the same distance from a source patch (e.g., Haas 1995).
More recent studies have controlled for distance in their
experimental designs (e.g., Darcy & Eggleston 2005; Or-
rock & Damschen 2005; Rantalainen et al. 2005). After
controlling for taxa levels and manipulative and natu-
ral differences, experiments that controlled for distance
showed less movement between connected patches than
between unconnected patches than experiments that did
not control for distance. This suggests that in studies not
controlling for distance, connected patches may have
been closer than unconnected patches. The only way
for future studies to address this issue is to control this
variable better.

Because of the limited number of studies (n = 3) that
explored how differences in corridor length or width
affected movement, we were unable to analyze these
data separately to determine optimal corridor size. This
is unfortunate because, up to this point, those study-
ing corridor effectiveness have been unable to provide
land managers and conservationists with the attributes
of corridor design that will make them effective con-
duits for movement. Haddad (2008) suggests that deter-
mining the optimal width of corridors may be the as-
pect of corridor quality most urgently needed by land
managers.

A large percentage of experiments (40%) were con-
ducted at the Savannah River research site. Manipula-
tive experiments at Savannah River had more movement
through corridors than manipulative experiments con-
ducted elsewhere. Our results suggest that the positive
effects of corridors on movement at the Savannah River
Site may be a function of the manipulative experiments
being conducted at an appropriate scale for organisms,
rather than as a result of controlling for area or distance.
The use of appropriate scale has been a criticism of past
corridor experiments and can affect results (Beier & Noss
1998). The type of habitat and matrix is also likely to
affect results (Prugh et al. 2008). The Savannah River
landscape is mature loblolly (Pinus taeda) and longleaf
(Pinus palustris) pine forest, and the experiments were
conducted in cleared areas and the surrounding forest
served as the matrix. If more corridor research is not con-
ducted in other ecosystems, it limits our ability to infer
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how these processes might operate in other systems
(Haddad & Tewksbury 2006).

Real-World Applications

We found that, after controlling for taxa and distance-
control differences, in natural experiments (defined pre-
viously) organisms showed greater use of corridors than
in manipulative experiments. This result is interesting
because manipulative experiments are often perceived
to increase or perhaps even “force an effect” (Carpenter
1996; Schindler 1998; Pace 2001) and suggests that natu-
ral corridors are perhaps more likely to be used than ex-
perimental manipulations suggest. Because the strength
of corridor effectiveness was different between natural
and manipulative experiments, land managers and con-
servationists would benefit from more large-scale land-
scape studies on corridors as opposed to studies of model
experimental systems. In addition, the results suggest it
may be better to protect natural landscape features that
function as corridors rather than attempting to create
corridors.

Conclusions

Our results show that corridors promote movement and
dispersal between habitat patches. Although most of the
studies included in our meta-analysis were conducted
over the short term, typically one season, the fact that we
found corridors generally increased migration between
habitat patches by 50% is important. Even minimal migra-
tion (i.e., one individual per generation) between habitat
patches can mitigate loss of genetic diversity (Mills & Al-
lendorf 1996). We did not investigate whether movement
through the corridors or matrix was sufficient to main-
tain population viability of isolated populations. Few of
the studies we examined measured whether corridors
increased population size or species diversity (n = 12).
Long-term studies are required to determine whether in-
creased migration due to corridors actually reduces pop-
ulation extinction.
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The Steel Mill That Helped Build the
American West Goes Green
Wind and solar power will replace coal at a Colorado furnace.

By Justin Gillis
Mr. Gillis, a former environmental reporter for The Times, is a contributing opinion writer.

Oct. 16, 2019

PUEBLO, Colo. — Sparks flew a hundred feet in the air. Bare metal shrieked as powerful jolts of electricity passed through a furnace
that melts scrap — like old cars and tossed-out refrigerators — into puddles, turning them into shiny recycled steel.

As I watched recently, the great arc furnace at one of the nation’s most storied steel mills was sucking in more electrical power than
any other machine in Colorado, produced in part at a plant a few miles away that burns Wyoming coal by the ton.

But the electrical supply for the mill is changing.

A huge solar farm, one of the largest in the country, is to be built here on the grounds of the Evraz Rocky Mountain Steel mill. In
addition to producing power for the giant mill, the farm, Bighorn Solar, will supply homes and businesses across Colorado. So far as
I can tell, Evraz Rocky Mountain will be the first steel mill in the world that can claim to be powered largely by solar energy.

The announcement at the plant a couple of weeks ago, by Gov. Jared Polis and other dignitaries, was a striking turn of events in the
history of American industry.

James Herald, president and chief executive of Evraz’s North American unit, declared that the mill “will produce the greenest steel
and the greenest steel products in the world.”

There is a caveat: The mill operates 24 hours a day and solar panels do not, of course. Over the course of a year the solar farm is
expected to produce electricity roughly equal to 95 percent of the mill’s annual demand. On sunny days, excess power will be sold to
the Colorado grid, but at night the mill will draw power from the grid, which still includes a good bit of fossil energy.

The perfect gift for everyone on your list.
Gift subscriptions to The Times. Starting at $25.

But that is getting fixed, too. Xcel Energy, the utility that supplies the Pueblo mill with electricity, has made one of the most
ambitious commitments in the country to clean up its system. Luckily, about the time solar panels are going dark, strong winds
whip up across the plains of eastern Colorado, where wind turbines will turn it into power.

Alice Jackson, who runs the Colorado division of Xcel, told me that at certain hours during the night, wind farms can supply as much
as 70 percent of the power on the state grid, and that is likely to be true more and more often as the company signs contracts with
new wind farms.

But, remarkable as it may be, one steel company going green is only a start on the kind of change we need.

A vision is developing, as we see electric Teslas, Bolts and bikes scooting through traffic, of how we might squeeze dirty fossil fuels
out of our transportation system. That goes for buildings, too: Nearly a dozen cities in California have largely banned gas burning in
newly constructed buildings, and the moment nears when gas bans will jump to other states.

The foundation for cleaner cars and cleaner buildings will be a cleaned-up electric grid to power them, and the country is making
headway there. But that’s just one step. The production of the vital materials on which human society is built — iron, steel and
cement — is responsible for more than 15 percent of the global greenhouse emissions that are overheating the planet. Many other
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industrial processes use dirty fuels, too, and we have barely begun thinking about how to clean all that up.

The task is beyond urgent, not that you would know it from listening to the nonsense spewing from Washington. But state
governments led by Democrats are pushing forward, with Governor Polis and a handful of other governors and legislatures in the
vanguard. A Republican senator from Colorado, Cory Gardner, turned up at the announcement to lend his support.

Why would a steel mill install a solar power plant next door? The company cares about going green, certainly, but this is also about
money.

We do not know the exact price the company will pay for its solar power — that is a secret under Colorado law — but we do know
that the cost of large-scale solar farms has plummeted. To improve its finances, Evraz seems to be locking in low-cost power for the
long term.

Yes, solar projects like this still receive federal subsidies, but those are scheduled to be phased down. We seem to be heading quickly
toward a world where solar panels, unsubsidized, will be the cheapest way human beings have ever found to produce electricity.

The steel plant here, founded in 1881 and known for most of its life as Colorado Fuel and Iron, is the mill that built the American
West. Most of the steel rails that bound the region to the rest of the United States came out of the mill, and high-quality rails are still
among its most important products.

In the early 20th century, the plant was the centerpiece of a coal-and-steel industrial complex spread out across the Front Range of
the Colorado Rockies, and that industry endured one of the bloodiest episodes of labor strife in American history. Up to 200 people
may have died in the violence.

The blast furnace that once produced virgin steel here shut down decades ago, but the mill found a new life recycling steel, and still
employs more than a thousand workers. Evraz, a Russian steel conglomerate, bought the mill in 2007.

A symbol of the ravages of unfettered capitalism in the early 20th century, the mill has now become a symbol of environmental
progress in the early 21st. Anybody running a railroad and wanting green steel will certainly be taking a fresh look at this mill as a
supplier.

To be sure, some of the steel recycled here will go into making pipes to be sold to the oil and gas industry for producing yet more
fossil fuels. We have not reached Nirvana yet. On the other hand, the company responsible for installing hundreds of thousands of
solar panels at the mill will be Lightsource BP, a venture partly controlled by the giant oil company formerly known as British
Petroleum.

As I walked deep into the bowels of the old mill the other day, looking at buildings and signs from the 19th century, I could sense the
ghosts of the immigrants who came here to build America, some of whose descendants still work at the mill. Then I noticed
something else: From just about any vantage point in the old mill, you could look outside and see the sun shining.
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ABSTRACT:

1

1

This paper reviews suspended sediment sources and transport in small forest
streams in the Paci�c Northwest region of North America, particularly in relation to
riparian management. Mass movements, reading and yarding practices, and burning
can increase the supply of suspended sediment. Sediment yields recovered to pre‐
harvest levels within one to six years in several paired catchment studies. However,
delayed mass movements related to roads and harvesting may produce elevated
suspended sediment yield one or more decades after logging. There is mixed
evidence for the role of streamside tree throw in riparian bu�ers in supplying
sediment to streams. Harvesting within the riparian zone may not increase
suspended sediment yield if near stream soils are not disturbed. Key knowledge gaps
relate to the relative roles of increased transport capacity versus sediment supply,
the dynamics of �ne sediment penetration into bed sediments, and the e�ects of
forest harvesting on suspended sediment at di�erent scales. Future research should
involve nested catchments to examine suspended sediment response to forest
practices at multiple spatial scales, in combination with process‐based �eld studies.
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DESCRIPTION AND MOLECULAR DIFFERENTIATION OF A NEW STAPHYLOCYSTOIDES

(CYCLOPHYLLIDEA: HYMENOLEPIDIDAE) FROM THE DUSKY SHREW SOREX

MONTICOLUS IN SOUTHEAST ALASKA

Stephen E. Greiman, Vasyl V. Tkach, and Joseph A. Cook*

Department of Biology, University of North Dakota, 10 Cornell Street, Grand Forks, North Dakota 58202. Correspondence should be sent to:
vasyl.tkach@email.und.edu

ABSTRACT: Staphylocystoides gulyaevi n. sp. is described based on specimens obtained from the dusky shrew Sorex monticolus
collected on Sukkwan Island, southeast Alaska. Staphylocystoides gulyaevi n. sp. is compared with other North American members of
the genus having 10 rostellar hooks. The new species is morphologically similar to Staphylocystoides parvissima and Staphylocystoides
asketus. The uterus in S. gulyaevi n. sp. develops much more rapidly, and a well-developed uterus appears abruptly after it is barely
visible in a previous proglottid. In S. parvissima the uterus grows gradually, and its early development is seen in several proglottids. At
the level of pre-gravid proglottids the uterus of S. gulyaevi n. sp. occupies only the middle field of the proglottid, while in S. parvissima
it fills the whole proglottid including lateral fields. The rostellar hooks in the new species are significantly smaller in size than in S.
asketus. Additionally, the new species has fewer proglottids than S. asketus, while having a similar strobila length. Molecular
comparison, using 3 genes (28s rDNA, cox1, and nad1), between S. gulyaevi n. sp. and S. parvissima, further corroborates the status of
S. gulyaevi n. sp. as a new species. The new species is the seventh species of Staphylocystoides found in North America and the first
cestode or any helminth reported from shrews in southeast Alaska.

Shrews have a taxonomically diverse cestode fauna mostly

comprising hymenolepidid tapeworms. In North America, they

have been reported to host 32 species of adult cestodes

(Gulyaev et al., 2007; Kinsella and Tkach, 2009; Gulyaev et

al., 2010; Kornienko and Dokuchaev, 2012), 29 of which

belong to the Hymenolepididae Ariola, 1899. One species

belongs to the Dilepididae, 1 species belongs to the Linstowii-

dae, and 1 species belongs to the Davaineidae. The most

speciose cestode genus in North American shrews is Staph-

ylocystoides Yamaguti, 1959, with 6 species currently known

from the continent: Staphylocystoides asketus Brooks and

Mayes, 1977, Staphylocystoides longi Oswald, 1951, Staph-

ylocystoides parvissima Voge, 1953, Staphylocystoides paucipro-

glottis Neiland, 1953, Staphylocystoides serrula Oswald, 1951,

and Staphylocystoides sphenomorphus Locker and Rausch, 1952

(Gulyaev et al., 2007; Kinsella and Tkach, 2009). To date, only

S. sphenomorphus and S. serrula have been reported from

Alaska (Voge and Rausch, 1955; Dunagan, 1956; Gulyaev et

al., 2007). Although several previous publications reported

cestodes of shrews in Alaska (Rausch and Kuns, 1950; Thomas

et al., 1954; Voge and Rausch, 1955; Dunagan, 1956; Olsen,

1969; Gulyaev et al., 2007; Kinsella and Tkach, 2009; Gulyaev

et al., 2010), most of the territory of the state remains

unexplored in this respect.

The islands of southeast Alaska are among the regions from

which information on shrew helminths is completely lacking. In

the summer of 2011 we collected helminths of Sorex monticolus

Merriam, 1890, on 7 different islands of southeast Alaska.

Before our study, helminths of this shrew species have never

been studied anywhere in Alaska. The collected material

included, among other taxa, several specimens of a new species

of Staphylocystoides. In this work we provide the description of

the new species as well as its morphological and molecular

differentiation from closely related species.

MATERIALS AND METHODS

Twenty-nine specimens of a new cestode species belonging to Staph-
ylocystoides were collected from the small intestine of 3 dusky shrews, S.
monticolus, caught in August 2011 on Sukkwan Island, southeast Alaska.
Live worms were rinsed in saline, killed with hot water, and immediately
fixed in 70% ethanol. Some of the tapeworms were fragmented and thus
not suitable for adequate description beyond examination of scolex
structures and measuring some organs. Tapeworms were stained with
aqueous alum carmine or Mayer’s hematoxylin, dehydrated in a graded
ethanol series, cleared in clove oil (after carmine staining) or methyl
salicylate (after hematoxylin staining), and mounted permanently in
Damar gum. Three scoleces and 2 whole strobilae were mounted in
Berlese’s medium to facilitate detailed examination of the rostellar hooks,
cirrus armature, and internal and external seminal vesicles. Specimens
with fully gravid proglottids were not found. Measurements and
microphotographs were taken from a DIC-equipped Olympus BX-51
microscope using Rincon HD software (Imaging Planet, Goleta,
California). Drawings were made with the aid of a drawing tube on a
Leica DM5000 compound microscope (Leica Microsystems, Buffalo
Grove, Illinois). All measurements are in micrometers unless stated
otherwise.

The type and voucher specimens of the new species were deposited in
the U.S. National Parasite collection (USNPC, Beltsville, Maryland). The
shrew host specimens were deposited in the collection of mammals of the
Museum of Southwestern Biology, University of New Mexico, Albu-
querque, New Mexico.

For comparative purposes we have examined holotypes of S. parvissima
(USNPC 49043), S. sphenomorphus (USNPC 47533), and S. asketus
(USNPC 73971). In addition, we have also examined paratypes of S.
asketus (Harold W. Manter Laboratory of the University of Nebraska,
Lincoln, Nebraska) and a series of S. sphenomorphus collected from
Montana by Mike Kinsella.

Genomic DNA for molecular comparison was extracted from 3
specimens of the new species, and 1 specimen of the morphologically
closest species S. parvissima from Clatsop State Forest, Oregon
(45855 055.2 00N, 123827 016.2 00W) collected from Sorex sp. DNA was
extracted using the Zymo Genomic DNA & Concentrator kit (Zymo
Research, Irvine, California) according to the manufacturer’s instructions.
A single adult worm was used for each DNA extraction upon preliminary
morphological identification. Scoleces of all 4 specimens of the new species
used for DNA extractions were mounted on slides in Berlese’s medium as
vouchers and deposited in the USNPC. Approximately 420-base-pair-long
DNA fragments of the mitochondrial cytochrome oxidase 1 gene (cox1),
approximately 730-base-pair-long fragments of the mitochondrial
NAD(P)H dehydrogenase 1 gene (nad1), and approximately 1,400 base
pairs of the nuclear large ribosomal subunit (28S) gene were amplified by
PCR on an Eppendorf Master Gradient thermal cycler using OneTaq
Quick-Load Master Mix from New England Biolabs (Ipswich, Massa-
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chusetts). Forward primer Jb3 (50-TTTTTTGGGCATCCTGAGGTT
TAT-3 0) from Bowles et al. (1992) and reverse primer Jb5 (5 0-
AGCACCTAAACTTAAAACATAATGAAA-30) from Derycke et al.
(2005) were used for cox1 amplification; degenerate forward primer nad1f
(50-GGNTATTSTCARTNTCGTAAGGG-30) and degenerate reverse
primer trnNR (50-TTCYTGAAGTTAACAGCATCA-30) were used for
nad1 amplification (primers from Littlewood et al., 2008); forward primers
cestl2 (50-AAGCATATCAATAAGCGG-30) and 1500RC (GACGATC
GATTTGCACGTC) designed by V. Tkach were used for 28S amplifica-
tion. The thermocycling profiles were the following: (cox1) 30 sec
denaturation at 95 C; 40 cycles of 30 sec at 95 C, 30 sec at 45 C, 45 sec
at 68 C; and 5 min final extension at 68 C; (nad1) 30 sec denaturation at 95
C; 40 cycles of 30 sec at 95 C, 30 sec at 45 C, 1 min at 68 C; and 5 min final
extension at 68 C; (28S) 30 sec denaturation at 95 C; 40 cycles of 30 sec at
95 C, 30 sec at 56 C, 1 min 45 sec at 68 C; and 5 min final extension at 68
C.

PCR products were purified using a DNA Clean & Concentratore kit
from Zymo Research or ExoSap PCR clean-up enzymatic kit from USB
(now Affimetrix, Santa Clara, California), cycle-sequenced directly using
ABI BigDyee (Applied Biosystems, Foster City, California) chemistry,
ethanol-precipitated, and sequenced directly on an ABI Prism 3100e

automated capillary sequencer. DNA products were sequenced using the
original PCR primers for both cox1 and nad1. PCR primers as well as
internal reverse primers ECD2 (5 0-CTTGGTCCGTGTTTCAA
GACGGG-30) and 300R (5 0-CAACTTTCCCTCACGGTACTTG-3 0)
were used for sequencing of the 28S fragment. Contiguous sequences
were assembled and edited using Sequenchere ver. 3.1.1 (GeneCodes
Corp., Ann Arbor, Michigan) and submitted to GenBank under accession
numbers KC789834-KC789844. Sequence alignment and pairwise com-
parison were done using BioEdit software, version 7.0.1 (Hall, 1999).

DESCRIPTION

Staphylocystoides gulyaevi n. sp.
(Figs. 1A–D, 2A–D)

Diagnosis (based on 11 specimens, 3 of them are scoleces embedded in
Berlese medium and 1 is a strobila embedded in Berlese medium):
Measurements of the holotype are provided followed by the range, mean
values, and number of measured specimens for the type series in
parentheses.

Only strobilae containing pre-gravid proglottids were found. Very small
cestodes. Strobila without gravid proglottids 998 long (950–1120, 1026,
n¼6), with maximum width 225 (225–277, 260, n¼6) at level of pregravid
proglottids. A single detached gravid proglottid was found and measured
1,428 long by 402 wide. Since it is not known to which specimen this
proglottid belonged the total length of complete gravid strobila may be
estimated at approximately 2,400–2,500 long by 402 wide. Strobila
without last 1–2 gravid proglottids consisting of 10 (9–10, 9.5, n ¼ 6)
slightly craspedote proglottids. Young proglottids strongly transversely
elongated, in older proglottid length/width ratio increases with gravid
proglottids being strongly longitudinally elongated.

Scolex slightly flattened dorso-ventrally, 1463163 (128–1643163–192,
146 3 178, n ¼ 6), clearly distinct from neck. Suckers relatively large,
unarmed, oval, 1163 79 (103–1273 79–90, 115 3 84, n¼ 6), with weakly
developed musculature. Rostellum 51341 (42–67337–64, 51346, n¼6),
muscular, its anterior surface invaginable. Rostellum armed by a single
crown of 10 fraternoid hooks with strongly developed guard. In
invaginated rostellum, hook blades oriented anteriorly. Measurements of
hooks: total length 21 (21–22; 21.5; n ¼ 11), hook blade length 12.2 (12–
13.5, 12.6, n ¼ 11), hook guard length 11.8 (11.3–13.3, 12.2, n ¼ 11) and
hook handle length 9.1 (7.8–9.9, 9.2, n¼ 11). Rostellar pouch 943 70 (70–
94 3 67–86, 82 3 77, n ¼ 6), with weak musculature, its bottom reaches
approximately middle of suckers. Neck 98 (75–124, 100, n ¼ 7), substan-
tially narrower than scolex.

Dorsal and ventral osmoregulatory canals thin, transverse anastomoses
not observed. Genital atria unilateral, dextral. Genital ducts pass ventrally
to both ventral and dorsal longitudinal osmoregulatory canals.

Maturation rapid. Primordia of male and female gonads appear
simultaneously already in second or third proglottid and sixth or seventh
proglottids are already fully mature. Strobila contains only 1 or 2 fully
mature proglottids. Development of proglottids to mature stage gradual
but change from mature to pre-gravid proglottids abrupt.

Mature proglottids 84 3 209 (77–116 3 209–265, 95 3 236, n ¼ 7),
transversely elongate, trapezoid. Mature proglottid length:width ratio
1:2.35. Testes 3, subspherical, relatively large, almost equal in size, 36–413

39–47 (29–48 3 34–60, 38 3 47, n ¼ 7), closely adjacent to each other,
situated in row near posterior margin of proglottid; testes not separated by
female gonads. Cirrus-sac cigar-shaped, 11 3 17 (109–129 3 16–20, 118 3

17.4, n ¼ 7). Antiporal end of cirrus-sac reaching mid-line of proglottid.
Genital atrium simple, infundibular, deep, opens laterally close to anterior
margin of proglottid. As proglottids develop, the distance between genital
atrium and anterior margin of proglottid remains relatively constant while
its distance to posterior margion of proglottid greatly increases. Only
slightly everted cirrus was observed. Cirrus cylindrical, armed with
uniformly distributed small spines of similar size. Both internal and
external seminal vesicles present. External seminal vesicle turning porally
and oriented parallel to cirrus sac overlapping its aporal part.

Ovary 40 3 113 (39–55 3 113–152, 46 3 127, n ¼ 7) wide, median,
transversely elongated, irregularly shaped, may be slightly lobed. Ovary
situated immediately anterior and ventral to testes. Vitellarium 30 3 30
(30–433 30–42, 34.93 36.6, n¼ 7), subspherical, postovarian, submedian,
positioned between middle and antiporal testes, ventral and slightly
anterior to them. Vitellarium ventral and immediately to ovary.
Copulatory part of vagina 56–60 (53–62, 57, n ¼ 6), tubular, with thick
muscular walls, ventral to cirrus-sac. Seminal receptacle elongated, usually
thin, at almost right angle to copulatory part of vagina.

Uterus develops very rapidly as a sac occupying median field of
proglottid, situated dorsally to other organs and extending laterally
beyond longitudinal osmoregulatory canals. Testes remain visible in 1–2
postmature proglottids; cirrus-sac and vagina persist in pre-gravid
proglottids. Second to last pre-gravid proglottid usually square, last pre-
gravid proglottid longitudinally elongated, 2913 223 (244–3763 195–279,
323 3 242, n ¼ 6).

Developed uterus in pre-gravid proglottids occupying entire median
field, saccate. Eggs numerous; no fully formed eggs were available.

Taxonomic summary

Type host: Dusky shrew, Sorex monticolus Merriam, 1890 (Soricimor-
pha: Soricidae).

Site of infection: Small intestine.
Type locality: Sukkwan Island, southeast Alaska, (55810 031.4 00N,

132849039.0 00W).
Other locality: Sukkwan Island, southeast Alaska, (5588 013.9 00N,

132844027.6 00W).
Type specimens deposited: Holotype: USNPC 106811 (labeled Sorex

monticolus, Sukkwan Island, southeast Alaska, 8.2.2011, coll. S. Grei-
man), paratypes: USNPC 106812 (13 slides, labeled identically). Symbio-
type: NK 214495, 214535, and 214606.

Etymology: This species is named in honor of the late Prof. Vladimir
Gulyaev in recognition of his tremendous contributions to cestodology
and our knowledge of shrew cestodes.

Remarks

Morphological differentiation: Morphological characters of S. gulyaevi
n. sp. such as the hook shape and their orientation on invaginated
rostellum, very short strobila with rapid proglottid maturation and
growth, testes arranged in a row, armed cirrus, and invaginable rostellum
are consistent with the diagnosis of the genus Staphylocystoides. All
examined specimens of the new species had 10 rostellar hooks. Three of 6
Staphylocystoides species previously known from North America have 10
rostellar hooks.

Staphylocystoides gulyaevi n. sp. is morphologically closest to S.
parvissima described from Sorex bendirii in California by Voge (1953).
However, the new species clearly differs from S. parvissima in having the
rostellar pouch (with withdrawn rostellum) reaching only the level of mid-
length of suckers while in S. parvissima the rostellar pouch extends
somewhat beyond the posterior margins of suckers (Fig. 1A, E). The
uterus in S. gulyaevi n. sp. develops much more rapidly and a well-
developed uterus appears abruptly after it is barely visible in a previous
proglottid. In S. parvissima uterus grows gradually, and its early
development is seen in several proglottids (Fig. 1A, E). At the level of
pre-gravid proglottids the uterus of S. gulyaevi n. sp. occupies only the
middle field of the proglottid, while in S. parvissima it fills the whole
proglottid including lateral fields. Strobilae without gravid proglottids in
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the new species (950–1,120) are still distinctly longer than fully gravid S.
parvissima (467–850).

Staphylocystoides gulyaevi n. sp. differs from S. asketus in the total
number of proglottids. The new species, missing the last 1–2 gravid
proglottids, has 9–10 proglottids, whereas a fully mature S. asketus has 7–
8 proglottids. Reexamination of the type series of S. asketus as well as our
specimens of the latter species from North Dakota has demonstrated that
the rostellar hooks of S. asketus are 17–18 in length with the shortest
hooks found in 1 of the paratypes being about 15.5 long. The hook length
in the original description of S. asketus by Brooks and Mayes (1977) is 13–
18 lm. It is most likely that the hook length starting from 13 lm in the
original description of S. asketus was the result of measuring hooks not in

fully lateral position. In any case, the rostellar hooks in S. gulyaevi n. sp.
are significantly larger than of S. asketus (21–22 vs. 15.5–18). Last, the
cirrus sac in S. asketus extends significantly past the midline of the
proglottid, whereas in the new species it only reaches the midline of the
segment.

Staphylocystoides gulyaevi n. sp. can be readily differentiated from S.
sphenomorphus by having fewer proglottids. Our specimens lacking the 1–2
last gravid proglottids have 9–10 proglottids, while similarly incomplete
strobila of S. sphenomorphus described by Locker and Rausch (1952) had
15 proglottids. Further examination of a series of S. sphenomorphus
specimens without gravid proglottids, collected from Montana, showed
17–20 proglottids. Rostellar hooks in the new species are somewhat larger

FIGURE 1. Staphylocystoides gulyaevi n. sp. and Staphylocystoides parvissima (A) Total view of the holotype of Staphylocystoides gulyaevi n. sp. (B)
Rostellar hooks of a paratype of Staphylocystoides gulyaevi n. sp. (C) Scolex of the holotype of Staphylocystoides gulyaevi n. sp. (D) Scolex of a paratype
of Staphylocystoides gulyaevi n. sp. (E) Total view of the holotype of Staphylocystoides parvissima. Scale bars: A, E¼250 lm; B¼20 lm; C, D¼100 lm.
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than in S. sphenomorphus (21–22 vs. 16–20). In addition, the 2 species
differ substantially in strobila shape and proportions. Gulyaev et al. (2007)
reported 8–13 rostellar hooks in their specimens of S. sphenomorphus
collected from different localities in Alaska. However, taking into account
these and other differences between the form described by Gulyaev et al.
(2007) and the original description of S. sphenomorphus, we based our
differentiating diagnosis on the original description of the latter species.

Molecular differentiation: For molecular comparison we used partial
sequences of 1 nuclear ribosomal and 2 mitochondrial coding genes (see
Materials and Methods). The partial sequences (1,374 bp) of the 28s
rDNA gene from 2 specimens of S. gulyaevi n. sp. and 1 specimen of S.
parvissima showed 2 nucleotide differences between the 2 species. No
intraspecific variability was detected among replicates of the new species.

The nad1 alignment was 729 bases long with no gaps and the cox1
alignment was 421 bases long with no gaps. Results of pairwise sequence
comparisons of all specimens belonging to 2 species are presented in Table
I. Sequences of 3 specimens of S. gulyaevi n. sp. collected from the same
locality showed only 0–2 base variability (Table I) in the nad1 gene and no
intraspecific variability in the cox1gene. At the same time the sequences of
the new species differed from those of S. parvissima by 4 nucleotides in the
cox1 gene and 12 nucleotides in the nad1 gene.

DISCUSSION

Staphylocystoides gulyaevi n. sp. is the first parasitic worm

reported from shrews on the islands of southeast Alaska and also

the first helminth species found in S. monticolus. Until the rest of

the material collected in our study is processed, it would be

premature to speculate on the levels of endemicity and diversity of

shrew helminths in this region or the effect of island isolation on

the parasite speciation and diversity.

The new species described in this work seems to be a member of

a lineage within the genus Staphylocystoides that has evolved in

North America and includes species having 10 rostellar hooks.

Despite having distinct morphological differences, these species

(particularly S. asketus, S. parvissima, and S. gulyaevi n. sp.) are

very similar in overall appearance and hook shape. It should be

noted that the drawings of hooks in the original descriptions of

both S. asketus and S. parvissima were not entirely adequate and

depict hooks in a not fully lateral position.

Because of the broad distribution and already known

significant diversity of Staphylocystoides in North America

combined with the fact that helminth fauna of many shrew

species from most of the territory of the continent remains

unstudied or understudied, it can be anticipated that additional

Staphylocystoides species will be discovered in the future.

Concurrent use of morphological and molecular data will allow

not only distinguishing among species, but also reconstructing

their phylogenetic relationships and better understanding the

evolution of their host associations and historical biogeography.

Among other questions, the hypotheses regarding the Staph-

ylocestoides speciation across Beringia proposed by Gulyaev et al.

(2007) can be tested using additional, independent, and more

complete datasets.

Comparison of DNA sequences of the nuclear ribosomal 28S

gene and 2 mitochondrial genes has demonstrated different

utilities of these genes for distinguishing among closely related

species in this group of hymenolepidid tapeworms. Staphylocys-

toides gulyaevi n. sp. and S. parvissima in our study had 2

differences in partial 28S sequences between the 2 species and no

intraspecific variability in S. gulyaevi n. sp. In comparison,

sequences of the same region of the 28S gene of Pararodentolepis

gnoskei (Greiman and Tkach, 2012) recently described from

shrews in Malawi were identical to sequences of Rodentolepis

fraterna, a very morphologically different parasite of rodents

(Greiman and Tkach, 2012). Similarly, a recently described North

American species Staphylocystis clydesengeri Tkach, Makarikov,

and Kinsella, 2013, from Sorex differed from another North

American species, Staphylocystis schilleri (Rausch and Kuns,

1950) in only 3 nucleotides. The same species differed from

Staphylocystis furcata Stieda, 1862, collected in Europe at least

TABLE I. Pairwise mtDNA sequence variability among 3 specimens of
Staphylocystoides gulyaevi n. sp. and 1 specimen of Staphylocystoides
parvissima. Number of variable sites along 729 bp of the nad1 gene above
the diagonal. Number of variable sites along 421 bp of the cox1 gene below
the diagonal.

S. gulyaevi

n. sp.

S. gulyaevi

n. sp.

S. gulyaevi

n. sp. S. parvissima

S. gulyaevi n. sp. 2 0 12

S. gulyaevi n. sp. 0 2 12

S. gulyaevi n. sp. 0 0 12

S. parvissima 4 4 4

FIGURE 2. (A) Cirrus sac and vagina of the holotype of Staph-
ylocystoides gulyaevi n. sp. (B) Cirrus sac and vagina of a paratype of
Staphylocystoides gulyaevi n. sp. (C) Vagina of the holotype of Staph-
ylocystoides gulyaevi n. sp. (D) Strobila fragment with mature proglottids
of the holotype of Staphylocystoides gulyaevi n. sp. Scale bars: A, B, C¼
50 lm; D¼ 100 lm.
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8,000 kilometers away, in only 7 nucleotides (Tkach et al., 2013).
On one hand, it confirms that the 2 species compared in the
present study, are independent taxa. On the other, it adds to the
growing evidence that the 28S gene has very low interspecific

variability among mammalian hymenolepidids and, correspond-
ingly, low utility for differentiation among closely related species.
In contrast, both mitochondrial genes, namely, cox1 and nad1,

have demonstrated a capacity to differentiate among congeneric
species with levels of interpecific differences being approximately
4 times or more greater than the intraspecific differences (Table I).

Thus, it is desirable to use sequences of genes that are more
variable than nuclear ribosomal DNA (e.g., mitochondrial genes
used in our study, or other genes with comparable variability) in

the systematic and phylogenetic studies of mammalian hymeno-
lepidids at lower taxonomic levels. At the same time, 28S remains
very useful for the phylogenetic inference at suprageneric
taxonomic levels.
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Better stewardship of land is needed to achieve the Paris Climate
Agreement goal of holding warming to below 2 °C; however, con-
fusion persists about the specific set of land stewardship options
available and their mitigation potential. To address this, we identify
and quantify “natural climate solutions” (NCS): 20 conservation, res-
toration, and improved land management actions that increase car-
bon storage and/or avoid greenhouse gas emissions across global
forests, wetlands, grasslands, and agricultural lands. We find that
the maximum potential of NCS—when constrained by food security,
fiber security, and biodiversity conservation—is 23.8 petagrams of
CO2 equivalent (PgCO2e) y

−1 (95% CI 20.3–37.4). This is ≥30% higher
than prior estimates, which did not include the full range of options
and safeguards considered here. About half of this maximum (11.3
PgCO2e y−1) represents cost-effective climate mitigation, assuming
the social cost of CO2 pollution is ≥100 USD MgCO2e

−1 by 2030.
Natural climate solutions can provide 37% of cost-effective CO2 mit-
igation needed through 2030 for a >66% chance of holding warm-
ing to below 2 °C. One-third of this cost-effective NCSmitigation can
be delivered at or below 10 USD MgCO2

−1. Most NCS actions—if
effectively implemented—also offer water filtration, flood buffer-
ing, soil health, biodiversity habitat, and enhanced climate resilience.
Work remains to better constrain uncertainty of NCS mitigation es-
timates. Nevertheless, existing knowledge reported here provides a
robust basis for immediate global action to improve ecosystem
stewardship as a major solution to climate change.

climate mitigation | forests | agriculture | wetlands | ecosystems

The Paris Climate Agreement declared a commitment to hold
“the increase in the global average temperature to well below

2 °C above preindustrial levels” (1). Most Intergovernmental Panel
on Climate Change (IPCC) scenarios consistent with limiting
warming to below 2 °C assume large-scale use of carbon dioxide
removal methods, in addition to reductions in greenhouse gas
emissions from human activities such as burning fossil fuels and
land use activities (2). The most mature carbon dioxide removal
method is improved land stewardship, yet confusion persists about
the specific set of actions that should be taken to both increase
sinks with improved land stewardship and reduce emissions from
land use activities (3).
The net emission from the land use sector is only 1.5 petagrams

of CO2 equivalent (PgCO2e) y
−1, but this belies much larger gross

emissions and sequestration. Plants and soils in terrestrial eco-
systems currently absorb the equivalent of ∼20% of anthropo-
genic greenhouse gas emissions measured in CO2 equivalents
(9.5 PgCO2e y−1) (4). This sink is offset by emissions from land

use change, including forestry (4.9 PgCO2e y−1) and agricultural
activities (6.1 PgCO2e y−1), which generate methane (CH4) and
nitrous oxide (N2O) in addition to CO2 (4, 5). Thus, ecosystems
have the potential for large additional climate mitigation by com-
bining enhanced land sinks with reduced emissions.
Here we provide a comprehensive analysis of options to mitigate

climate change by increasing carbon sequestration and reducing
emissions of carbon and other greenhouse gases through conser-
vation, restoration, and improved management practices in forest,
wetland, and grassland biomes. This work updates and builds from
work synthesized by IPCC Working Group III (WGIII) (6) for the
greenhouse gas inventory sector referred to as agriculture, forestry,
and other land use (AFOLU). We describe and quantify 20 discrete

Significance

Most nations recently agreed to hold global average tempera-
ture rise to well below 2 °C. We examine how much climate
mitigation nature can contribute to this goal with a compre-
hensive analysis of “natural climate solutions” (NCS): 20 conser-
vation, restoration, and/or improved land management actions
that increase carbon storage and/or avoid greenhouse gas
emissions across global forests, wetlands, grasslands, and agri-
cultural lands. We show that NCS can provide over one-third of
the cost-effective climate mitigation needed between now and
2030 to stabilize warming to below 2 °C. Alongside aggressive
fossil fuel emissions reductions, NCS offer a powerful set of op-
tions for nations to deliver on the Paris Climate Agreement while
improving soil productivity, cleaning our air and water, and
maintaining biodiversity.
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mitigation options (referred to hereafter as “pathways”) within the
AFOLU sector. The pathways we report disaggregate eight options
reported by the IPCC WGIII and fill gaps by including activities
such as coastal wetland restoration and protection and avoided
emissions from savanna fires. We also apply constraints to safe-
guard the production of food and fiber and habitat for biological
diversity. We refer to these terrestrial conservation, restoration,
and improved practices pathways, which include safeguards for
food, fiber, and habitat, as “natural climate solutions” (NCS).
For each pathway, we estimate the maximum additional mitiga-

tion potential as a starting point for estimating mitigation potential
at or below two price thresholds: 100 and 10 USD MgCO2e

−1. The
100 USD level represents the maximum cost of emissions reduc-
tions to limit warming to below 2 °C (7), while 10 USD MgCO2e

−1

approximates existing carbon prices (8). We aggregate mitigation
opportunities at the 100 USD threshold to estimate the overall
cost-effective contribution of NCS to limiting global warming to
below 2 °C. For 10 of the most promising pathways, we provide
global maps of mitigation potential. Most notably, we provide a
global spatial dataset of reforestation opportunities (https://zenodo.
org/record/883444) constrained by food security and biodiversity
safeguards. We also review noncarbon ecosystem services associ-
ated with each pathway.
These findings are intended to help translate climate commit-

ments into specific NCS actions that can be taken by government,
private sector, and local stakeholders. We also conduct a com-
prehensive assessment of overall and pathway-specific uncertainty
for our maximum estimates to expose the implications of variable
data quality and to help prioritize research needs.

Results and Discussion
Maximum Mitigation Potential of NCS with Safeguards. We find that
the maximum additional mitigation potential of all natural path-
ways is 23.8 PgCO2e y−1 (95% CI 20.3–37.4) at a 2030 reference
year (Fig. 1 and SI Appendix, Table S1). This amount is not

constrained by costs, but it is constrained by a global land cover
scenario with safeguards for meeting increasing human needs for
food and fiber. We allow no reduction in existing cropland area,
but we assume grazing lands in forested ecoregions can be refor-
ested, consistent with agricultural intensification and diet change
scenarios (9, 10). This maximum value is also constrained by ex-
cluding activities that would either negatively impact biodiversity
(e.g., replacing native nonforest ecosystems with forests) (11) or
have carbon benefits that are offset by net biophysical warming
(e.g., albedo effects from expansion of boreal forests) (12). We
avoid double-counting among pathways (SI Appendix, Table S2).
We report uncertainty estimated empirically where possible (12
pathways) or from results of an expert elicitation (8 pathways). See
Fig. 1 for synthesis of pathway results.
Our estimate of maximum potential NCS mitigation with safe-

guards is ≥30% higher than prior constrained and unconstrained
maximum estimates (5, 9, 13–16). Our estimate is higher, despite
our food, fiber, and biodiversity safeguards, because we include a
larger number of natural pathways. Other estimates do not include
all wetland pathways (5, 9, 13–16), agricultural pathways (13–16),
or temperate and boreal ecosystems (13, 14). The next highest
estimate (14) (18.3 PgCO2 y−1) was confined to tropical forests,
but did not include a food production safeguard and was higher
than our estimate for tropical forest elements of our pathways
(12.6, 6.6–18.6 PgCO2 y−1). Similarly, our estimates for specific
pathways are lower than other studies for biochar (17), conser-
vation agriculture (15), and avoided coastal wetland impacts (18).
We account for new research questioning the magnitude of po-
tential for soil carbon sequestration through no-till agriculture
(19) and grazing land management (20), among other refinements
to pathways discussed below. Our estimate for avoided forest
conversion falls between prior studies on deforestation emissions
(21–24). Our spatially explicit estimate for reforestation was
slightly higher compared with a prior nonspatially explicit estimate

*

*
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Fig. 1. Climate mitigation potential of 20 natural pathways. We estimate maximum climate mitigation potential with safeguards for reference year 2030.
Light gray portions of bars represent cost-effective mitigation levels assuming a global ambition to hold warming to <2 °C (<100 USD MgCO2e

−1 y−1). Dark
gray portions of bars indicate low cost (<10 USD MgCO2e

−1 y−1) portions of <2 °C levels. Wider error bars indicate empirical estimates of 95% confidence
intervals, while narrower error bars indicate estimates derived from expert elicitation. Ecosystem service benefits linked with each pathway are indicated by
colored bars for biodiversity, water (filtration and flood control), soil (enrichment), and air (filtration). Asterisks indicate truncated error bars. See SI Appendix,
Tables S1, S2, S4, and S5 for detailed findings and sources.
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(9). Natural pathway opportunities differ considerably among
countries and regions (SI Appendix, Figs S1–S3 and Table S3).

Cost-Effective and Low-Cost NCS. We explore the proportion of
maximum NCS mitigation potential that offers a cost-effective
contribution to meeting the Paris Climate Agreement goal of lim-
iting warming to below 2 °C. We define a <2 °C “cost-effective”
level of mitigation as a marginal abatement cost not greater than
∼100 USD MgCO2

−1 as of 2030. This value is consistent with
estimates for the avoided cost to society from holding warming to
below 2 °C (7, 25). We find that about half (11.3 PgCO2e y−1) of
the maximum NCS potential meets this cost-effective threshold.
To estimate the portion of NCS that are cost effective for holding
warming to below 2 °C, we estimated the fraction of the maximum
potential of each natural pathway (high = 90%, medium = 60%,
or low = 30%) that could be achieved without exceeding costs of
∼100 USD MgCO2

−1, informed by published marginal abatement
cost curves. Our assignment of these indicative high, medium, and
low cost-effective mitigation levels reflects the coarse resolution of
knowledge on global marginal abatement costs for NCS. These
default levels structured our collective judgment where cost curve
data were incomplete (SI Appendix, Table S4). Using parallel
methods, we find that more than one-third of the “<2 °C cost
effective” levels for natural pathways are low cost (<10 USD
MgCO2

−1; 4.1 PgCO2e y−1; Fig. 1 and SI Appendix, Table S4).
The “low-cost” and cost-effective NCS carbon sequestration

opportunities compare favorably with cost estimates for emerging
technologies, most notably bioenergy with carbon capture and
storage (BECCS)—which range from ∼40 USDMgCO2

−1 to over
1,000 USD MgCO2

−1. Furthermore, large-scale BECCS is un-
tested and likely to have significant impacts on water use, bio-
diversity, and other ecosystem services (2, 26).
Our 100 USD constrained estimate (11.3 PgCO2e y−1) is consid-

erably higher than prior central estimates (6, 14, 27, 28), and it is
somewhat higher than the upper-end estimate from the IPCC Fifth
Assessment Report (AR5) (10.6 PgCO2e y−1). Aside from our in-
clusion of previously ignored pathways as discussed above, this
aggregate difference belies larger individual pathway differences
between our estimates and those reported in the IPCCAR5.We find
a greater share of cost-constrained potential through reforestation,
forestry, wetland protection, and trees in croplands than the IPCC
AR5, despite our stronger constraints on land availability, biodiversity
conservation, and biophysical suitability for forests (14, 29).

NCS Contribution to a <2 °C Pathway. To what extent can NCS
contribute to carbon neutrality by helping achieve net emission
targets during our transition to a decarbonized energy sector?
Warming will likely be held to below 2 °C if natural pathways are
implemented at cost-effective levels indicated in Fig. 1, and if we
avoid increases in fossil fuel emissions for 10 y and then drive them
down to 7% of current levels by 2050 and then to zero by 2095 (Fig.
2). This scenario (14) assumes a 10-y linear increase of NCS to the
cost-effective mitigation levels, and a >66% likelihood of holding
warming to below 2 °C following a model by Meinshausen et al.
(30). Under this scenario, NCS provide 37% of the necessary CO2e
mitigation between now and 2030 and 20% between now and 2050.
Thereafter, the proportion of total mitigation provided by NCS
further declines as the proportion of necessary avoided fossil fuel
emissions increases and as some NCS pathways saturate. Natural
climate solutions are thus particularly important in the near term
for our transition to a carbon neutral economy by the middle of this
century. Given the magnitude of fossil fuel emissions reductions
required under any <2 °C scenario, and the risk of relying heavily
on negative emissions technologies (NETs) that remain decades
from maturity (3), immediate action on NCS should not delay
action on fossil fuel emissions reductions or investments in NETs.
Half of this cost-effective NCS mitigation is due to additional

carbon sequestration of 5.6 PgCO2e y−1 by nine of the pathways,

while the remainder is from pathways that avoid further emissions
of CO2, CH4, and N2O (SI Appendix, Fig. S4 and Table S1). Ag-
gregate sequestration levels begin to taper off around 2060, al-
though most pathways can maintain the 2030 mitigation levels we
report for more than 50 years (Fig. 2 and pathway-specific satu-
ration periods in SI Appendix, Table S1). The NCS scenario il-
lustrated in Fig. 2 will require substantial near-term ratcheting up
of both fossil fuel and NCS mitigation targets by countries to
achieve the Paris Climate Agreement goal to hold warming to
below 2 °C. Countries provided nationally determined contri-
butions (NDCs) with 2025 or 2030 emissions targets as a part of
the Paris Climate Agreement. While most NDCs indicate inclusion
of land sector mitigation, only 38 specify land sector mitigation
contributions, of 160 NDCs assessed (31). Despite these limitations,
analyses indicate that if NDCs were fully implemented, NCS would
contribute about 20% of climate mitigation (31) and about 2
PgCO2e y

−1 mitigation by 2030 (31, 32). As such, a small portion of
the 11.3 PgCO2e y−1 NCS opportunity we report here has been
included in existing NDCs. Across all sectors, the NDCs fall short by
11–14 PgCO2e y−1 of mitigation needed to keep 2030 emissions in
line with cost-optimal 2 °C scenarios (33). Hence, NCS could
contribute a large portion—about 9 PgCO2e y−1—of the increased
ambition needed by NDCs to achieve the Paris Climate Agreement.
Our assessment of the potential contribution of NCS to meeting

the Paris Agreement is conservative in three ways. First, payments for
ecosystem services other than carbon sequestration are not consid-
ered here and could spur cost-effective implementation of NCS be-
yond the levels we identified. Natural climate solutions enhance
biodiversity habitat, water filtration, flood control, air filtration, and
soil quality (Fig. 1) among other services, some of which have high
monetary values (34–36) (see SI Appendix, Table S5 for details).
Improved human health from dietary shifts toward plant-based foods
reduce healthcare expenses and further offset NCS costs (37).
Second, our findings are conservative because we only include

activities and greenhouse gas fluxes where data were sufficiently
robust for global extrapolation. For example, we exclude no-till
agriculture (Conservation Agriculture pathway), we exclude im-
proved manure management in concentrated animal feed opera-
tions (Nutrient Management pathway), we exclude adaptive
multipaddock grazing (Grazing pathways), and we exclude soil

Fig. 2. Contribution of natural climate solutions (NCS) to stabilizing warming
to below 2 °C. Historical anthropogenic CO2 emissions before 2016 (gray line)
prelude either business-as-usual (representative concentration pathway, sce-
nario 8.5, black line) or a net emissions trajectory needed for >66% likelihood of
holding global warming to below 2 °C (green line). The green area shows cost-
effective NCS (aggregate of 20 pathways), offering 37% of needed mitigation
through 2030, 29% at year 2030, 20% through 2050, and 9% through 2100. This
scenario assumes that NCS are ramped up linearly over the next decade to <2 °C
levels indicated in Fig. 1 and held at that level (=10.4 PgCO2 y−1, not including
other greenhouse gases). It is assumed that fossil fuel emissions are held level
over the next decade then decline linearly to reach 7% of current levels by 2050.
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carbon emissions that may occur with conversion of forests to
pasture (Avoided Forest Conversion pathway). Future research
may reveal a robust empirical basis for including such activities
and fluxes within these pathways.
Third, the Paris Agreement states goals of limiting warming to

“well below 2 °C” and pursuing “efforts to limit the temperature
increase to 1.5 °C.” Our analysis specifies a >66% chance of holding
warming to just below 2 °C (30). Additional investment in all miti-
gation efforts (i.e., beyond ∼100 USD MgCO2

−1), including NCS,
would be warranted to keep warming to well below 2 °C, or to 1.5 °C,
particularly if a very likely (90%) chance of success is desired.

Specific Pathway Contributions. Forest pathways offer over two-
thirds of cost-effective NCS mitigation needed to hold warming
to below 2 °C and about half of low-cost mitigation opportunities
(SI Appendix, Table S4). Reforestation is the largest natural
pathway and deserves more attention to identify low-cost miti-
gation opportunities. Reforestation may involve trade-offs with
alternative land uses, can incur high costs of establishment, and
is more expensive than Avoided Forest Conversion (38). How-
ever, this conclusion from available marginal abatement cost
curves ignores opportunities to reduce costs, such as involving
the private sector in reforestation activities by establishing
plantations for an initial commercial harvest to facilitate natural
and assisted forest regeneration (39). The high uncertainty of
maximum reforestation mitigation potential with safeguards
(95% CI 2.7–17.9 PgCO2e y−1) is due to the large range in
existing constrained estimates of potential reforestation extent
(345–1,779 Mha) (14, 16, 40–42). As with most forest pathways,
reforestation has well-demonstrated cobenefits, including bio-
diversity habitat, air filtration, water filtration, flood control, and
enhanced soil fertility (34). See SI Appendix, Table S5 for de-
tailed review of ecosystem services across all pathways.
Our maximum reforestation mitigation potential estimate is

somewhat sensitive to our assumption that all grazing land in
forested ecoregions is reforested. If we assume that 25%, 50%,
or 75% of forest ecoregion grazing lands were not reforested, it
would result in 10%, 21%, and 31% reductions, respectively, in
our estimate of reforestation maximummitigation potential. While
42% of reforestation opportunities we identify are located on
lands now used for grazing within forest ecoregions, at our <2 °C
ambition mitigation level this would displace only ∼4% of global
grazing lands, many of which do not occur in forested ecoregions
(20). Grazing lands can be released by shifting diets and/or
implementing Grazing-Feed and Grazing-Animal Management
pathways, which reduce the demand for grazing lands without
reducing meat and milk supply (43).
Avoided Forest Conversion offers the second largest maxi-

mum and cost-effective mitigation potential. However, imple-
mentation costs may be secondary to public policy challenges in
frontier landscapes lacking clear land tenure. The relative suc-
cess of Brazil’s efforts to slow deforestation through a strong
regulatory framework, accurate and transparent federal moni-
toring, and supply chain interventions provides a promising
model (44), despite recent setbacks (45). We find relatively low
uncertainty for Avoided Forest Conversion (±17%), reflecting
considerable global forest monitoring research in the last decade
stimulated by interest in reducing emissions from deforestation
and forest degradation (REDD) (46).
Improved forest management (i.e., Natural Forest Management

and Improved Plantations pathways) offers large and cost-effective
mitigation opportunities, many of which could be implemented
rapidly without changes in land use or tenure. While some activities
can be implemented without reducing wood yield (e.g., reduced-
impact logging), other activities (e.g., extended harvest cycles)
would result in reduced near-term yields. This shortfall can be
met by implementing the Reforestation pathway, which includes
new commercial plantations. The Improved Plantations pathway

ultimately increases wood yields by extending rotation lengths from
the optimum for economic profits to the optimum for wood yield.
Grassland and agriculture pathways offer one-fifth of the total

NCS mitigation needed to hold warming below 2 °C, while main-
taining or increasing food production and soil fertility. Collectively,
the grassland and agriculture pathways offer one-quarter of low-cost
NCS mitigation opportunities. Cropland Nutrient Management is
the largest cost-effective agricultural pathway, followed by Trees in
Croplands and Conservation Agriculture. Nutrient Management
and Trees in Croplands also improve air quality, water quality, and
provide habitat for biodiversity (SI Appendix, Table S5). Our analysis
of nutrient management improves upon that presented by the IPCC
AR5 in that we use more recent data for fertilizer use and we project
future use of fertilizers under both a “business as usual” and a “best
management practice” scenario. Future remote sensing analyses to
improve detection of low-density trees in croplands (47) will constrain
our uncertainty about the extent of this climate mitigation opportu-
nity. The addition of biochar to soil offers the largest maximum
mitigation potential among agricultural pathways, but unlike most
other NCS options, it has not been well demonstrated beyond re-
search settings. Hence trade-offs, cost, and feasibility of large scale
implementation of biochar are poorly understood. From the livestock
sector, two improved grazing pathways (Optimal Intensity and Le-
gumes) increase soil carbon, while two others (Improved Feed and
Animal Management) reduce methane emission.
Wetland pathways offer 14% of NCS mitigation opportunities

needed to hold warming to <2 °C, and 19% of low-cost NCS
mitigation. Wetlands are less extensive than forests and grass-
lands, yet per unit area they hold the highest carbon stocks and
the highest delivery of hydrologic ecosystem services, including
climate resilience (47). Avoiding the loss of wetlands—an urgent
concern in developing countries—tends to be less expensive than
wetland restoration (49). Improved mapping of global wetlands—
particularly peatlands—is a priority for both reducing our reported
uncertainty and for their conservation and restoration.

Challenges. Despite the large potential of NCS, land-based se-
questration efforts receive only about 2.5% of climate mitigation
dollars (50). Reasons may include not only uncertainties about
the potential and cost of NCS that we discuss above, but also
concerns about the permanence of natural carbon storage and
social and political barriers to implementation. A major concern
is the potential for Reforestation, Avoided Forest Conversion,
and Wetland/Peatland pathways to compete with the need to
increase food production. Reforestation and Avoided Forest
Conversion remain the largest mitigation opportunities despite
avoiding reforestation of mapped croplands and constraints we
placed on avoiding forest conversion driven by subsistence ag-
riculture (SI Appendix, Table S1). A large portion (42%) of our
maximum reforestation mitigation potential depends on reduced
need for pasture accomplished via increased efficiency of beef
production and/or dietary shifts to reduce beef consumption. On
the other hand, only a ∼4% reduction in global grazing lands is
needed to achieve <2 °C ambition reforestation mitigation levels,
and reduced beef consumption can have large health benefits (51).
A portion of wetland pathways would involve limited displacement
of food production; however, the extremely high carbon density
of wetlands and the valuable ecosystem services they provide
suggest that protecting them offers a net societal benefit (52).
Feedbacks from climate change on terrestrial carbon stocks

are uncertain. Increases in temperature, drought, fire, and pest
outbreaks could negatively impact photosynthesis and carbon
storage, while CO2 fertilization has positive effects (53). Unchecked
climate change could reverse terrestrial carbon sinks by midcentury
and erode the long-term climate benefits of NCS (54). Thus, cli-
mate change puts terrestrial carbon stocks (2.3 exagrams) (55) at
risk. Cost-effective implementation of NCS, by increasing terrestrial
carbon stocks, would slightly increase (by 4%) the stocks at risk by

11648 | www.pnas.org/cgi/doi/10.1073/pnas.1710465114 Griscom et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710465114/-/DCSupplemental/pnas.1710465114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710465114/-/DCSupplemental/pnas.1710465114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710465114/-/DCSupplemental/pnas.1710465114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1710465114/-/DCSupplemental/pnas.1710465114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1710465114
reviewer
Highlight

reviewer
Highlight



2050. However, the risk of net emissions from terrestrial carbon
stocks is less likely under a <2 °C scenario. As such, NCS slightly
increase the total risk exposure, yet will be a large component of any
successful effort to mitigate climate change and thus help mitigate
this risk. Further, most natural pathways can increase resilience to
climate impacts. Rewetting wetlands reduces risk of peat fires (56).
Reforestation that connects fragmented forests reduces exposure to
forest edge disturbances (57). Fire management increases resilience
to catastrophic fire (58). On the other hand, some of our pathways
assume intensification of food and wood yields—and some con-
ventional forms of intensification can reduce resilience to climate
change (59). All of these challenges underscore the urgency of
aggressive, simultaneous implementation of mitigation from both
NCS and fossil fuel emissions reductions, as well as the importance
of implementing NCS and land use intensification in locally appro-
priate ways with best practices that maximize resilience.
While the extent of changes needed in global land stewardship is

large (SI Appendix, Tables S1 and S4), we find that the environ-
mental ambition reflected in eight recent multilateral announce-
ments is well aligned with our <2 °C NCS mitigation levels.
However, only four of these announcements are specific enough for
quantitative comparison: The New York Declaration on Forests,
the Bonn Challenge, the World Business Council on Sustainable
Development Vision 2050, and the “4 pour 1000” initiative (SI
Appendix, Table S6). The first three of these have quantitative
targets that are somewhat more ambitious than our <2 °C mitigation
levels for some pathways, while the 4 pour 1000 initiative is con-
siderably more ambitious for soil carbon storage. More explicit and
comprehensive policy targets for all biomes and natural pathways are
needed to clarify the role of NCS in holding warming to below 2 °C.

Next Steps. Considerable scientific work remains to refine and
reduce the uncertainty of NCS mitigation estimates. Work also
remains to refine methods for implementing pathways in socially
and culturally responsible ways while enhancing resilience and
improving food security for a growing human population (60).
Nevertheless, our existing knowledge reported here provides a
solid basis for immediately prioritizing NCS as a cost-effective way
to provide 11 PgCO2e y−1 of climate mitigation within the next
decade—a terrestrial ecosystem opportunity not fully recognized
by prior roadmaps for decarbonization (15, 61). Delaying imple-
mentation of the 20 natural pathways presented here would in-
crease the costs to society for both mitigation and adaptation,
while degrading the capacity of natural systems to mitigate climate
change and provide other ecosystem services (62). Regreening the
planet through conservation, restoration, and improved land
management is a necessary step for our transition to a carbon
neutral global economy and a stable climate.

Methods
Estimating Maximum Mitigation Potential with Safeguards. We estimate the
maximum additional annual mitigation potential above a business-as-usual
baseline at a 2030 reference year, with constraints for food, fiber, and bio-
diversity safeguards (SI Appendix, Tables S1 and S2). For food, we allow no re-
duction in existing cropland area, but do allow the potential to reforest all grazing
lands in forested ecoregions, consistent with agricultural intensification scenarios
(9) and potential for dietary changes in meat consumption (10). For fiber, we as-
sume that any reduced timber production associated with implementing our
Natural Forest Management pathway is made up by additional wood production
associated with Improved Plantations and/or Reforestation pathways. We also
avoid activities within pathways that would negatively impact biodiversity, such as
establishing forests where they are not the native cover type (11).

For most pathways, we generated estimates of the maximum mitigation
potential (Mx) informed by a review of publications on the potential extent (Ax)
and intensity of flux (Fx), whereMx = Ax × Fx. Our estimates for the reforestation
pathway involved geospatial analyses. For most pathways the applicable extent
was measured in terms of area (hectares); however, for five of the pathways
(Biochar, Cropland Nutrient Management, Grazing—Improved Feed, Grazing—
Animal Management, and Avoided Woodfuel Harvest) other units of extent
were used (SI Appendix, Table S1). For five pathways (Avoided Woodfuel

Harvest; Grazing—Optimal Intensity, Legumes, and Feed; and Conservation
Agriculture) estimates were derived directly from an existing published esti-
mate. An overview of pathway definitions, pathway-specific methods, and
adjustments made to avoid double counting are provided in SI Appendix,
Table S2. See SI Appendix, pp 36–79 for methods details.

Uncertainty Estimates. We estimated uncertainty for maximum mitigation
estimates of each pathway using methods consistent with IPCC good practice
guidance (63) for the 12 pathways where empirical uncertainty estimation
was possible. For the remaining eight pathways (indicated in Fig. 1), we used
the Delphi method of expert elicitation (64) following best practices outline
by Mach et al. (65) where applicable and feasible. The Delphi method in-
volved two rounds of explicit questions about expert opinion on the potential
extent (Ax) and intensity of flux (Fx) posed to 20 pathway experts, half of
whom were not coauthors (see SI Appendix, pp 38–39 for names). We com-
bined Ax and Fx uncertainties using IPCC Approach 2 (Monte Carlo simulation).

Assigning Cost-Constrained Mitigation Levels. We assumed that a maximum
marginal cost of ∼100 US dollars MgCO2e

−1 y−1 in 2030 would be required
across all mitigation options (including fossil fuel emissions reductions and
NCS) to hold warming to below 2 °C (7). This assumption is consistent with
the values used in other modeling studies (16, 66) and was informed by a
social cost of carbon in 2030 estimated to be 82–260 USD MgCO2e

−1 to meet
the 1.5–2 °C climate target (7).

To calibrate individual NCS pathways with a goal of holding warming to
below 2 °C, we assessed which of three default mitigation levels—30%, 60%,
or 90% of maximum—captures mitigation costs up to but not more than
∼100 USD MgCO2e

−1, informed by marginal abatement cost (MAC) curve
literature. Our assignment of these default levels reflects that the MAC lit-
erature does not yet enable a precise understanding of the complex and
geographically variable range of costs and benefits associated with our
20 natural pathways. We also assessed the proportion of NCS mitigation that
could be achieved at low cost. For this we used a marginal cost threshold of
∼10 USD MgCO2e

−1, which is consistent with the current cost of emission
reduction efforts underway and current prices on existing carbon markets.
For references and details see SI Appendix.

Projecting NCS Contribution to Climate Mitigation. We projected the potential
contributions of NCS to overall CO2e mitigation action needed for a “likely”
(greater than 66%) chance of holding warming to below 2 °C between
2016 and 2100. We compared this NCS scenario to a baseline scenario in which
NCS are not implemented. In our NCS scenario, we assumed a linear ramp-up
period between 2016 and 2025 to our <2 °C ambition mitigation levels
reported in SI Appendix, Table S4. During this period, we assumed fossil fuel
emissions were also held constant, after which they would decline. We as-
sumed a maintenance of <2 °C ambition NCS mitigation levels through 2060,
allowing for gradual pathway saturation represented as a linear decline of
natural pathway mitigation from 2060 to 2090. We consider this a conserva-
tive assumption about overall NCS saturation, given the time periods we es-
timate before saturation reported in SI Appendix, Table S1. This scenario and
the associated action on fossil fuel emissions reductions needed are repre-
sented in Fig. 2 through 2050. Scenario construction builds from ref. 14, with
model parameters from Meinshausen et al. (30). The proportion of CO2 miti-
gation provided by NCS according to the scenario described above is adjusted
to a proportion of CO2e with the assumption that non-CO2 greenhouse gases
are reduced at the same rate as CO2 for NCS and other sectors.

Characterizing Activities and Cobenefits.We identifiedmitigation activities and
noncarbon ecosystem services associated with each of the 20 natural pathways
(SI Appendix, Tables S5 and S7). We used a taxonomy of conservation actions
developed by the International Union for Conservation of Nature (IUCN) and
the Conservation Measures Partnership (67) to link pathways with a known set
of conservation activities. The IUCN taxonomy does not identify activities that
are specific to many of our pathways, so we list examples of more specific
activities associated with each pathway (SI Appendix, Table S7). We identify
four generalized types of ecosystem services (biodiversity, water, soil, and air)
that may be enhanced by implementation of activities within each natural
pathway—but only where one or more peer-reviewed publication confirms
the link (Fig. 1 and SI Appendix, Table S5).
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Fig. S4.  Mitigation potential by greenhouse gas, biome, and flux type. Total mitigation potential at the 

<2C° mitigation level (=100 USD cost constraint) across 20 pathways is disaggregated according to biome 

(forest, grassland & agriculture, wetland), greenhouse gas (CO2, CH4, and N2O), and flux type (avoidable 

emissions vs. potential sinks).  
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Table S1. Maximum mitigation potential of natural pathways by 2030. Key literature sources used in estimating values are listed below each value. See Methods Details 
section for additional sources involved. Mitigation potential given in million tonnes CO2e per year (Tg CO2e yr-1). Uncertainty values in grey derived from expert elicitation. 
 

    Extent Intensity 
2030 BAU 

Flux 
Time 

Horizon Mitigation Potential 

 

Pathway 
Pathway 
Element 

Rate of 
avoidable 

impact 
(Mha yr-1) 

Maximum 
potential extent of 
implementation  
(units as noted) 

Extent 
Uncertainty 

95% CI bounds 
(units as noted) 

Avoidable Flux  
(units as noted) 

Additional 
Sequestration 

(MgC ha-1 yr-1) 

Flux 
Uncertainty 

95% CI 
bounds 
(units as 
noted) 
  

Baseline Flux 
in 2030 

(TgCO2e yr-1) 

Years 
until 

saturation 

Maximum 
Additional 
Mitigation 
Potential 

(TgCO2e yr-1) 

Maximum 
Mitigation 

95% CI 
bounds 

(± TgCO2e 
yr-1) 

 

Avoided 
Forest 
Conversion 

Conversion 
of Natural 
Forests 5.93      112.80 Mg ha-1    -2,452   >100 2,452                                 

  References (1)      (1–3)        (1–3)  

  

Clearing for 
Subsistence 
Agriculture 3.04      103.29 Mg ha-1    -1,151   >100 1,151                                 

  References     (1, 4) (1, 2)        (1, 2)  

  All 8.97     7.95 - 9.98 109.58 Mg ha-1   96 - 123 -3,603   >100 3,603 2,999 - 4,209 
Reforestation Temperate   206 Mha       2.82   202 *  >30  2,100   
  References   (5, 6)              (7–9) (6)       

  
Tropical & 
Subtropical   472 Mha       4.71   953 * 25 8,025   

  References   (5, 6)              (3, 9, 10)  (6)       

  All   678 Mha 230 - 1125     4.14 2.81 - 5.46 1,132 *  >25  10,124 2,727 - 17,867 

Natural Forest 
Management 

Temperate 
& Boreal   1369 Mha       0.14   0   >50 690   

  References   (11)               (11–14)           

  
Tropical & 
Subtropical   545 Mha       0.39   0   >50 780   

  References   (11)                 (15, 16)           

  All   1914 Mha 1247 - 2350   
  
 
 
 

0.21 0.18 - 1.20 0   >50 1,470 921 - 8,224 
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   Extent    Intensity  
2030 BAU 

Flux  
Time 

Horizon Mitigation Potential 

Pathway 
Pathway 
Element 

Rate of 
avoidable 

impact 
(Mha yr-1) 

Maximum 
potential extent of 

implementation  
(units as noted) 

Extent 
Uncertainty 

95% CI bounds 
(units as noted) 

Avoidable Flux  
(units as noted) 

Additional 
Sequestration 

(MgC ha-1 yr-1) 

Flux 
Uncertainty 

95% CI 
bounds 
(units as 
noted) 

Baseline Flux 
in 2030 

(TgCO2e yr-1)  

Years 
until 

saturation 

Maximum 
Additional 
Mitigation 
Potential 

(TgCO2e yr-1) 

Maximum 
Mitigation 

95% CI 
bounds 

(± TgCO2e 
yr-1) 

Improved 
Plantations 

Temperate 
& Boreal   176 Mha       0.47         304   

  References   (11)         (17)             

  
Tropical & 
Subtropical   81 Mha       0.47         139   

  References   (11)         (17)             

  All   257 Mha 199 - 335     0.47 0.20 - 1.00 0   65 443 168 - 1,009 
Fire 
Management 

Temperate 
Fire Prone 
Forests 0.46       11.13 Mg ha-1     

 
  

-77  
  

-145 
  

  19  7 - 182 

  References (18, 19)           
 

  (18, 19)  

  

Brazilian 
Amazon 
Forests 0.54       34.34 Mg ha-1     -68   68  17 - 117 

  References (20)                (20)  

 
Global 
Savannas     not applicable         not applicable     125 50 - 200 

 References          (21, 22)  

  All         -145 >100 212 166 - 411 

Avoided 
Woodfuel 
Harvest All   

2,800 
 
M 
people  0.04 MgC person-1 yr-1  -748  >100 367 326 - 407 

  References   (23)   (23)         (1, 23)   
Forest Subtotal 
                        16,219 11,291- 28,133 
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   Extent    Intensity  
2030 BAU 

Flux  
Time 

Horizon Mitigation Potential 

Pathway 
Pathway 
Element 

Rate of 
avoidable 

impact 
(Mha yr-1) 

Maximum 
potential extent of 

implementation  
(units as noted) 

Extent 
Uncertainty 

95% CI bounds 
(units as noted) 

Avoidable Flux  
(units as noted) 

Additional 
Sequestration 

(MgC ha-1  
yr-1) 

Flux 
Uncertainty 

95% CI 
bounds 
(units as 
noted) 

Baseline Flux 
in 2030 

(TgCO2e yr-1) 

Years 
until 

saturation 

Maximum 
Additional 
Mitigation 
Potential 

(TgCO2e yr-1) 

Maximum 
Mitigation 

95% CI 
bounds 

(± TgCO2e  
yr-1) 

Avoided 
Grassland 
Conversion Temperate 0.70             18.40 Mg ha-1     -47   >100 47   
  References (24)     (25, 26)             

  
Tropical & 
Subtropical 1.00             18.80 Mg ha-1     -69   >100 69   

  References (24)     (25, 26)            

  All 1.70     1.13 - 5.40       18.65 Mg ha-1 15.91 - 21.39 -116   >100 116 75 - 373 
Biochar 

All   
1,670 Tg  
dm yr-1 939 - 2071  

0.18 MgCe  
(Mg dm)-1 0.17 - 0.21 0   >100 1,102 642 - 1,455 

 References   (27, 28)         (29–33)           
Cropland 
Nutrient 
Management All   

44 Tg N yr-1 
used 

32.6 - 58.0  4.33 MgCe 
Mg N-1   2.9 - 5.3 -2612 * >100 706 399 - 959 

 References   (34)           (34)   (34–38)  
Conservation 
Agriculture All   352 Mha      0.32  28     >50 413 310 - 516 
  References   (39)         (39)       (39)   (39)  (39)   
Trees in 
Croplands Windbreaks   318 Mha 70.4 - 400     0.20 0.07 - 0.23 0   50 204   

  References   (11, 40, 41)    
 

(42–46)           

  
Alley 
cropping   140 Mha 48.8 - 209     1.20 0.57 - 2.18 0   50 616   

  References   (11, 41)    
  

(47–53)      

  

Farmer 
Managed 
Natural 
Regen.   150 Mha 35.0 - 388     0.40  0.22 - 0.76 0   50 220   

  References   (54, 55)      (55)          (55)     

  All   608 Mha      0.37  0   50 1,040 469 - 1,855 
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   Extent   Intensity  
2030 BAU 

Flux  
Time 

Horizon Mitigation Potential 

Pathway 
Pathway 
Element 

Rate of 
avoidable 

impact 
(Mha yr-1) 

Maximum 
potential extent of 

implementation  
(units as noted) 

Extent 
Uncertainty 

95% CI bounds 
(units as noted) 

Avoidable Flux  
(units as noted) 

Additional 
Sequestration 
(Mg ha-1 yr-1) 

Flux 
Uncertainty 

95% CI 
bounds 
(units as 
noted) 

Baseline Flux 
in 2030 

(TgCO2e yr-1)  

Years 
until 

saturation 

Maximum 
Additional 
Mitigation 
Potential 

(TgCO2e yr-1) 

Maximum 
Mitigation 

95% CI 
bounds 

(± Mt CO2e 
yr-1) 

Grazing - 
Optimal 
Intensity All   712 Mha      0.06  0   >100 148 148 - 699 

 References   (56)       (56)        (56)   
Grazing - 
Legumes in 
Pastures All   72 Mha 61 - 680     0.56 0.26 - 0.84 0   >100 147 14 - 1,500 

 References   (56)       (56)           
Grazing - 
Improved Feed All   1,400 M head cattle 0.13 MgCe head-1  -2,412   >100 680 35 - 1,014 
 References   (57)     (58)    (58)      (58)  
Grazing - 
Animal 
Management All   1,400 M head cattle 0.04 MgCe head-1  -2,412   >100 200 75 - 214 
 References   (57)      (58)        (58)  
Improved Rice 
Cultivation All   163 Mha  0.44 

MgCe  
ha-1 yr-1    -755   >100 265 227 - 319 

 References   (59)  (59, 60)    (59)        
Agriculture & Grasslands Subtotal 
  
  

                    4,817 4,398 - 6,926 

Avoided 
Coastal 
Wetland 
Impacts Mangrove 0.10     0.04 - 0.16 351.86 

 
MgC 
ha-1   268 - 436 -130   68 130                                   

  References (61, 62)         (63–71) 
  
  
  

          

  Salt Marsh 0.08     0.04 - 0.12 142.78 
MgC 
ha-1   52 - 234 -42   64 42  

  References (65)      (65)               

  Seagrass 0.45     0.12 - 0.78 79.95 
MgC 
ha-1   27 - 133 -132   67 132  

  References (65)      (65, 72)            

  All 0.63      152.02 MgC ha-1   -304   >64 304 141 - 466 



Page 11 
 

  Extent Intensity 
2030 BAU 

Flux 
Time 

Horizon Mitigation Potential 

Pathway 
Pathway 
Element 

Rate of 
avoidable 

impact 
(Mha yr-1) 

Maximum 
potential  
extent of 

implementation  
(units as noted) 

Extent 
Uncertainty 

95% CI bounds 
(units as noted) 

Avoidable Flux  
(units as noted) 

Additional 
Sequestration 

(MgC ha-1  
yr-1) 

Flux 
Uncertainty 

95% CI 
bounds 
(units as 
noted) 

Baseline Flux 
in 2030 

(TgCO2e yr-1)  

Years 
until 

saturation 

Maximum 
Additional 
Mitigation 
Potential 

(TgCO2e yr-1) 

Maximum 
Mitigation 

95% CI 
bounds 

(± TgCO2e  
yr-1) 

Avoided 
Peatland 
Impacts 

Tropical 
Peatland 0.57       317.54 MgCe ha-1    -664   89 664   

References (73)        (73, 74)        

  
Temperate 
Peatland 0.14       146.08 MgCe ha-1    -75   >100 75   

  References (73)       (73, 75)             

  
Boreal 
Peatland 0.07       59.20 MgCe ha-1    -15   >100 15   

  References (73)       (73, 75)             

  All 0.78     0.29 - 0.78 266.68 MgCe ha-1 197 - 550 -754   >89 754 237 - 1,212 
Coastal 
Wetland 
Restoration 
  
  

Mangrove   11 Mha 9 - 13 8.80 MgCe ha-1yr-1 6.4 12.0 - 18.4 -345   >100 596  

References       (76, 77)    (63–71)  (76, 78)           

Salt Marsh   2 Mha 0.2 - 3.2 3.57 Mg Ce ha-1yr-1 2.2 3.43 - 8.07 -22   57 36  
  References   (76)   (65)  (76)            
  Seagrass   17 Mha 8.3 - 25.4 2.00 MgCe ha-1yr-1 1.4 1.87 - 4.89 -124   51 209  
  References   (76)   (65, 72)  (76)            

  All   29 Mha  4.71 MgCe ha-1yr-1 3.3   -491   >51 841 621 - 1,064 
Peatland 
Restoration 

Tropical 
Peatland   17 Mha   7.94 MgCe ha-1yr-1 0.0   -497   20 497   

  References   (73)   (73, 74) (79–81)            

  
Temperate 
Peatland   20 Mha   3.65 MgCe ha-1yr-1 0.0   -267   20 267   

  References   (73)   (73, 75) (79–81)            

  
Boreal 
Peatland   9 Mha   1.48 MgCe ha-1yr-1 0.0   -51   20 51   

  References   (73)   (73, 75) (79–81)            

  All   46 Mha 46.4 - 83.0 4.79 MgCe ha-1yr-1 0.0 3.5 - 9.9 -815   20 815 705 - 2,471 
Wetlands Subtotal 
  

                      2,713 2,415 - 4,502 
Total – All Pathways 
  
  
  
  
  

              23,750 20,261– 37,403 
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Table S2. Summary of pathway definition, extent, and methods for estimating maximum mitigation potential. See Methods Details section for more information, including 
pathway-specific methods for uncertainty analysis. 
 

Pathway Maximum 
potential 
extent 

Pathway description Areas and fluxes included and excluded, and measures taken 
to avoid double-counting 

Avoided 
Forest 
Conversion 

not applicable Emissions of CO2 avoided by avoiding forest conversion. Baseline 
emissions derived from Tyukavina et al. (1), which defined “forest” as 
>25% tree cover and limits this pathway to predominantly tropical and 
sub-tropical climate domains where forest conversion is most active. 

Boreal forests excluded due to albedo effect. Most temperate 
forests excluded due to lack of data and to avoid double-counting 
tree cover loss associated with temperate forestry. Wetland forests 
(mangroves, peatlands) excluded to avoid double-counting with 
wetland pathways. Excludes loss of "managed forest" as defined 
by Tyukavina et al. (1), except for inclusion of emission attributed 
to conversion to subsistence agriculture. Given these exclusions, 
this pathway has no spatial overlap with other pathways. 
  

Reforestation 678 Mha Additional carbon sequestration by converting non-forest (< 25% tree 
cover) to forest (> 25% tree cover (6)) in areas where forests are the 
native cover type. Potential reforestation extent calculated by modifying 
and further constraining a 1 km resolution map from the Atlas of Forest 
Landscape Restoration Opportunities (FLRO) (82). 

Includes conversion of non-forest lands (<25% tree cover) to 
forest in areas ecologically appropriate for forests. We exclude 
afforestation, defined here as conversion of native non-forest 
cover types (i.e. grassland, savanna, and transitional areas with 
forest) to forest. Boreal biome excluded, due to albedo. All 
existing cropland area excluded, due to food security safeguard. 
Impervious surfaces excluded. Other deductions were made to 
pathway mitigation estimate (but not reflected in spatial dataset) 
as follows. Projected business-as-usual forest gains through 2030 
deducted. We subtracted the maximum mitigation potential of 
“Grazing-Optimal Intensity” and “Grazing – Legumes” pathways 
where co-occurring with our Reforestation potential map, to avoid 
double-counting. The remaining areas accounted here – for 
maximum estimate – include existing grazing lands, and other 
non-forest cover types, within forest ecoregions.  
  

Natural 
Forest 
Management 

1,914 Mha Additional carbon sequestration in above- and below-ground tree 
biomass across up to 1,914 Mha of native forests under non-intensive 
management for wood production (11, 83). Maximum mitigation 
potential calculated with a scenario of timber harvests deferred for >50 
years across all native forests currently under timber production. Wood 
production lost here is made up by increased yields from Improved 
Plantations and additional wood production due to Reforestation; 
however, “cost effective” mitigation potential levels for this pathway 
can be delivered by practices that continue and possibly increase timber 
production depending on geography (e.g. reduced-impact logging, 
limited extension of harvest cycles).  
  

Includes all native forests under timber production in tropical, 
subtropical, temperate, and boreal climate domains. Does not 
involve transitions between "forest" and "non-forest" or 
management for tree species changes, so does not invoke albedo 
changes. Excludes areas under intensive plantation forestry. 
Includes areas also included in Fire Management pathway, but 
double counting avoided because we assume here that no 
improvements are made in fire management. 
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Pathway Maximum 
potential 
extent 

Pathway description Areas and fluxes included and excluded, and measures taken 
to avoid double-counting 

Improved 
Plantations 

257 Mha Additional carbon sequestration in above- and below-ground tree 
biomass by limited extension of economically optimal rotation lengths 
(84) to biologically optimal yield rotation lengths in even-aged 
intensively managed wood production forests. These forests occupy 
~7% of global forest area as of 2015, and are assumed to expand by 3 
million hectares per year through 2030 (11). Model parameters (e.g. 
MAI, biomass expansion and conversion factor, rotation lengths, 
discount rate, yield curve, etc.) were derived from the literature (17, 85–
87). 
  

Includes intensively managed production forests (i.e. plantations) 
subject to even-aged stand management in tropical, subtropical, 
temperate, and boreal climate domains. Does not involve 
transitions between "forest" and "non-forest" or management for 
tree species changes, so does not invoke albedo changes.  
Excludes areas not under intensive plantation forestry. 

Fire 
Management 

not quantified Additional sequestration and avoided emissions in above- and below-
ground tree biomass due to three spatially discrete forms of additional 
fire management: (i) prescribed fires applied to fire-prone temperate 
forests in western US (88) and Europe (89) to reduce the likelihood of 
more intense wildfires, (ii) fire control practices (e.g. fire breaks) 
applied to edges of moist and wet tropical forests in Amazonia (20), and 
(iii) use of early season fires in savanna ecosystems to avoid higher 
emissions from late season fires, drawn from a global estimate of 
savanna fire emissions (22) and a study extrapolating outcomes 
demonstrated in northern Australia (21).  
  

Includes (i) naturally fire-prone forests in North America and 
Europe, (ii) forests adjacent to pasture in Brazilian Amazonia, and 
(iii) global savannas. Extent of this pathway is conservative 
because full potential extent of application of this pathway is 
larger but Unknown. This pathway has spatial overlap with 
Natural Forest Management; however, no double-counting issues 
because this pathway assumes no change in harvest levels.  

Avoided 
Woodfuel 
Harvest 

2,800 M 
people 

Avoided emissions due to reduced harvest of woodfuel used for cooking 
and heating, without reducing heating or cooking utility. Estimate 
drawn from comprehensive analysis of global unsustainable woodfuel 
harvest levels (23) which estimates 300 TgCe yr-1 woodfuel emissions 
for the year 2009. We employ their “scenario 2” assumption that 
improved cookstoves can reduce carbon emissions by 49%. 

Extent not spatial – based on number of people, majority in 
Africa. Potential spatial overlap with savanna burning; however, 
no double-counting since this pathway and improved savanna fire 
management are additive. We avoid double counting with 
Avoided Forest Conversion pathway by subtracting the 32% of 
baseline woodfuel harvest emissions linked to forest conversion 
(23). 
  

Avoided 
Grassland 
Conversion 

not applicable Avoided soil carbon emissions by avoiding the conversion of grasslands 
(including savannas and shrublands) to cropland. Mean global rate of 
grassland conversion to cropland estimated at 1.7 (1.13-5.40) Mha yr-1 
between 1980 and 1990 (24). We were unable to find sources for more 
recent time periods. Assumed committed soil carbon losses of 30% 
from the top 30 cm of soil upon conversion to cropland (26). The soil 
carbon pool in the top 30 cm estimated at 68.4 MgC ha-1 and 62.7 MgC 
ha-1 for temperate and tropical grasslands, respectively (25), and the 
average loss at 18.65 (15.91-21.39) MgC ha-1. 

Includes avoided conversion to cropland of tropical, subtropical, 
and temperate native grasslands. Spatial overlap with other 
pathways (e.g. fire management) de minimis. 
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Pathway Maximum 
potential 
extent 

Pathway description Areas and fluxes included and excluded, and measures taken 
to avoid double-counting 

Biochar 1,670 Tg yr-1 
crop residue 

Additional carbon sequestration by amending agricultural soils with 
biochar, which increases the agricultural soil carbon pool by converting 
non-recalcitrant carbon (crop residue biomass) to recalcitrant carbon 
(charcoal) through pyrolysis. Source of biochar production limited to 
crop residue. From review of several studies that have assessed residue 
potential for bioenergy uses (27, 28), we identified a mid-range value of 
30 EJ/year, about half of current unused above-ground crop residues 
(90). We assumed that 79.6% of biochar carbon persists on a timescale 
of >100 years (32, 33). We assume no effects of biochar on emissions of 
N2O or CH4 (91, 92). 

Maximum extent assumed to be all global croplands. This 
pathway has spatial overlap with Cropland Nutrient Management, 
Conservation Agriculture, and Trees in Croplands; however, 
accounting is additive so no double-counting deductions needed. 

Cropland 
Nutrient 
Management 

44 TgN yr-1 
used 

Avoided N2O emissions due to reduced fertilizer use and improved 
application methods on croplands. By reducing the over-application of 
fertilizer (improving the timing, placement, and form of fertilizer 
application and making greater use of manure), significant 
improvements in efficiency can be made without negatively impacting 
crop yields. These practices can decrease baseline fertilizer use by 32%, 
to 95 TgN yr-1 (34). Our baseline assumes a projected rise in fertilizer 
use from 147 TgN in 2010 (116 TgN synthetic fertilizer and 31 TgN 
manure) to 181 TgN in 2030 (139.5 TgN fertilizer and 41.5 TgN 
manure) (34). Additional emissions parameters derived from the 
literature (37, 38).  
  

Applicable extent includes all global croplands, except those 
already using best nutrient management practices. Spatial overlap 
with Biochar, Conservation Agriculture, and Trees in Croplands; 
however, no double-counting because this pathway considers 
different pools and fluxes (N2O flux, measured in Mg of fertilizer, 
rather than soil carbon and biomass carbon pools) and likewise 
accounting is additive to these other pathways. 

Conservation 
Agriculture 

352 Mha Additional soil carbon sequestration by planting cover crops during the 
part of the year when the main crop is not growing (39). Area suitable 
for expansion of cover crops excludes cropland already planted with a 
perennial or winter crop (39, 93), and excludes cropland where climatic 
factors and cropping systems require a fallow period or harvest is too 
late to allow cover crop planting (39). A meta-analysis found a global 
average sequestration rate of 0.32 +/- 0.08 MgC ha-1 yr-1 and a global 
additional mitigation potential of 0.12 +/- 0.03 PgC yr-1 applicable for at 
least 50 years (39). We did not include additional potential benefits 
from no-till farming given recent reviews concluding that reduced or 
zero-tillage does not store carbon when considering deeper soil horizons 
and the potential for higher N2O emissions following the 
implementation of no-till (94–98).  
  

Limited to active global cropland areas where cover crops are not 
currently used but could be given climatic and crop system 
context. Spatial overlap with Biochar, Nutrient Management, and 
Trees in Croplands; however, accounting is additive so no double-
counting concerns. 
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Pathway Maximum 
potential 
extent 

Pathway description Areas and fluxes included and excluded, and measures taken 
to avoid double-counting 

Trees in 
Croplands 

608 Mha Additional carbon sequestration in above- and below-ground tree 
biomass and soil carbon due to integration of trees into croplands at 
levels that do not reduce crop yields.  This includes 
windbreaks/shelterbelts, alley cropping, and farmer managed natural 
regeneration (FMNR). FMNR is the assisted natural regeneration of 
scattered trees within cropland for productivity, soil quality and erosion 
control benefits, and is primarily applied in Africa. 450 Mha of cropland 
in Africa is suitable for FMNR, extrapolating from a World Resources 
Institute study (54), and we assume an average sequestration of 0.4 
MgC ha-1 yr-1 in biomass and soils (55). We estimate that 318 Mha of 
croplands outside of Africa are appropriate for windbreaks. We 
restricted windbreaks to cropland with little to no existing tree cover 
(15, 99), excluded African cropland to avoid double counting with 
FMNR, and applied a deduction to exclude croplands where windbreaks 
may not have a neutral or positive effect on yield. We estimated that 
windbreaks provide 0.175 MgC ha-1 yr-1 additional sequestration in 
cropland biomass and soils, calculated as the mean of available 
literature estimates (42–46), and reflecting that windbreaks only cover 
~5% of a given hectare of cropland (100). We extrapolated from a US 
study (41) to estimate that 140 Mha of additional global cropland area, 
excluding Africa, is suitable for alley cropping. We calculated, as a 
mean from the available literature (47, 49–52, 101, 102), that alley 
cropping generates an additional 1.2 MgC ha-1 yr-1.   

Includes windbreaks, alleycropping, and farmer managed natural 
regeneration (FMNR), each of which was restricted to non-
overlapping relevant cropland areas. Applicable area for 
windbreaks and/or alleycropping includes annual croplands 
currently with <10% tree cover, excluding African cropland 
(where FMNR was exclusively applied).  
Any production system that exceeds 25% tree cover (e.g. some 
agroforestry) and all silvopastoral systems (outside of croplands) 
were excluded to avoid double counting with the Reforestation 
pathway. Spatial overlap with Biochar, Nutrient Management, 
Conservation Agriculture; however, accounting is additive, so no 
double-counting concerns. 

Grazing - 
Optimal 
Intensity 

712 Mha Additional soil carbon sequestration due to grazing optimization on 
rangeland and planted pastures, derived directly from a recent global 
study by Henderson et al. (56). Grazing optimization prescribes a 
decrease in stocking rates in areas that are over-grazed and an increase 
in stocking rates in areas that are under-grazed, but with the net result of 
increased forage offtake and livestock production.  
  

Includes global rangelands and planted pastures. Spatial overlap 
with Reforestation and Grazing – Legumes. Mitigation potential 
of this pathway was subtracted from Reforestation mitigation 
potential to avoid double-counting. Accounting with Grazing – 
Legumes is additive, so no double-counting concerns. 

Grazing - 
Legumes in 
Pastures 

72 Mha Additional soil carbon sequestration due to sowing legumes in planted 
pastures, derived directly from a recent global study by Henderson et al. 
(56). Restricted to planted pastures and to where sowing legumes would 
result in net sequestration after taking into account the increases in N2O 
emissions associated with the planted legumes.  

Restricted to global planted pastures. Spatial overlap with 
Reforestation and Grazing – Optimal Intensity. Mitigation 
potential of this pathway was subtracted from Reforestation 
mitigation potential to avoid double-counting. Accounting with 
Grazing – Optimal Intensity is additive, so no double-counting 
concerns. 
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Pathway Maximum 
potential 
extent 

Pathway description Areas and fluxes included and excluded, and measures taken 
to avoid double-counting 

Grazing - 
Improved 
Feed 

1,400 M  
head cattle 

Avoided methane emissions due to reduced enteric fermentation from 
the use of more energy dense feed (cereal grains, improved pastures, cut 
and carry forages, single cell protein feeds (103, 104)) and the 
associated reduction in total animal numbers needed to supply the same 
level of meat and milk demand (103). Maximum mitigation estimate 
derived from Herrero et al. (105) and Gerber et al (106). We do not 
include changes in feed additives given feasibility constraints (105, 
107). 

Spatial overlap with other grazing pathways, but accounting 
additive so no double-counting concerns. This pathways has the 
added benefit of sparing land as a result of the reductions in the 
extent of land needed for livestock production (108); however, this 
benefit is not accounted for here to avoid double-counting with 
avoided deforestation and reforestation pathways. 
  

Grazing - 
Animal 
Management 

1,400 M  
head cattle  

Avoided methane emissions due to reduced enteric fermentation as a 
result of improved livestock breeds and management techniques that 
increase reproductive performance, animal health, and weight gain, and 
the associated reduction in total animal numbers needed to supply the 
same level of meat and milk demand (103). Maximum mitigation 
estimate derived from Herrero et al. (105) and Gerber et al (106). We do 
not include changes in manure management given feasibility constraints 
(105, 107). 
  

Spatial overlap with other grazing pathways, but accounting 
additive so no double-counting concerns. This pathways has the 
added benefit of sparing land as a result of the reductions in the 
extent of land needed for livestock production (108); however, this 
benefit is not accounted for here to avoid double-counting with 
avoided deforestation and reforestation pathways. 

Improved 
Rice 
Cultivation 

163 Mha Avoided emissions of methane and N2O associated with anaerobic 
decomposition by employing periodic draining of rice soils and removal 
of rice residues in flooded and upland rice production lands (109). 
Projected total global emissions associated with rice cultivation in 2030 
are estimated to be 755 TgCO2e yr-1 (110). This includes 473 TgCO2e 
yr-1 of methane and 341 TgCO2e yr-1 of nitrous oxide, offset by soil 
carbon sequestration of 16 T Ce yr-1.  
  
 

Global upland and flooded rice lands included – area projected to 
2030. Limited spatial overlap with Biochar, Trees in Croplands, 
and Nutrient Management pathways; however, accounting is 
additive, so no double-counting concerns. 

Avoided 
Coastal 
Wetland 
Impacts 

not applicable Avoided emissions of above- and below-ground biomass and soil 
carbon due to avoided degradation and/or loss of salt-water wetlands 
(mangroves, salt marshes, and seagrass beds). For mangroves, we 
calculate the extent of baseline degradation and/or conversion based on 
an estimate of current extent (13.8 ±1.24 Mha, (77)), and recently 
reported loss rate (0.7% (66)). We calculate mangrove carbon stocks by 
combining the mean of seven above and below-ground vegetation 
biomass estimates from the literature (194  ±76 MgC ha-1 (65–71), with 
the most recent and comprehensive global estimate of soil organic 
carbon (SOC) density in the top meter (369  ± 6.8 MgC ha-1 (63)). For 
salt marshes and seagrasses, we follow estimates of loss rate and carbon 
stocks from Pendleton et al. (65). 
  

Includes global mangroves, salt marshes, and coastal seagrass.  
Mangroves were excluded from Avoided Forest Conversion 
pathway to avoid double-counting. 
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Pathway Maximum 
potential 
extent 

Pathway description Areas and fluxes included and excluded, and measures taken 
to avoid double-counting 

Avoided 
Peatland 
Impacts 

not applicable Avoided emissions of above- and below-ground biomass and soil 
carbon due to avoided degradation and/or loss of freshwater wetlands 
(tropical, temperate, and boreal peatlands). We calculate degradation 
and/or loss rates from the International Mire Conservation Group 
Global Peatland Database IMCGGPD (73, 111, 112). To calculate the 
flux per hectare of peatland impacts, we combine soil organic carbon 
(SOC) emissions and vegetation emissions using IMCGGPD data 
aggregated to climate domains. Tree biomass fluxes are drawn from 
peatland woody biomass estimates from the literature (74, 75) but 
applied only to the proportion of peatland loss attributed to forested 
peatlands by IMCGGPD. 
  

Includes all non-tidal freshwater forested and non-forested 
wetlands. Forested wetlands were excluded from Avoided Forest 
Conversion pathway to avoid double-counting. 

Coastal 
Wetland 
Restoration 

29 Mha Avoided oxidation of soil carbon and enhanced soil carbon sink due to 
soil re-wetting in mangroves, salt marshes, and seagrass beds. 
Additional sequestration also included for mangroves due to restored 
tree growth. We use published carbon burial rates (76) and mangrove 
vegetation sequestration rates (78) to calculate rates of soil carbon 
sequestration. Maximum extent of potential restoration is derived from 
estimated areas of “degraded” wetlands globally (65, 73, 76, 77). We 
assume degraded wetlands have already lost 50% of their original 
carbon stocks, reasoning that the global aggregate of degraded wetlands 
represents a balanced chronosequence of all phases of carbon depletion.  
  

Includes restoration of global mangroves, salt marshes, and coastal 
seagrass. 
 

Peatland 
Restoration 

46 Mha Avoided oxidation of soil carbon due to soil re-wetting in freshwater 
wetlands (tropical, temperate, and boreal peatlands). Maximum extent 
of potential restoration is derived from estimated areas of “degraded” 
wetlands globally (65, 73, 76, 77). Due to controversy in the literature 
about the timing and net atmospheric effect of methane emissions in 
restored peatlands, we omit a sequestration benefit from peatland 
restoration and assume they are offset by methane emissions (79–81). 
We assume degraded wetlands have already lost 50% of their original 
carbon stocks, reasoning that the global aggregate of degraded wetlands 
represents a balanced chronosequence of all phases of carbon depletion. 
  

Includes restoration of global non-tidal freshwater forested and 
non-forested wetlands.  
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Table S3. Country level maximum mitigation potential with safeguards for 8 NCS pathways. Units are in TgCO2e yr-1. Absence of a value indicates that either the value is 
unknown, or it is <0.01. 

Country Reforestation Natural Forest 
Management 

Improved Rice 
Cultivation 

Grazing - 
Optimal 
Intensity 

Grazing - 
Legumes 

Peatland 
Restoration 

Avoided 
Peatland 
Impacts 

Avoided Coastal 
Impacts - 

Mangroves 
Afghanistan 0.64 1.63 0.34 1.21 0.31 0.12 0.03   
Alaska (United States)         0.01 0.06 0.01   
Albania 18.84 0.65   0.14 0.03 0.21     
Algeria 19.6 1.62   0.19 2.37 0.01     
Andorra 0.05       0.02       
Angola 13.45     1.12 0.06 2.94 0.62 0.24 
Antigua & Barbuda                 
Argentina 207.41 3.08 0.34 8.27 0.77 0.07 0.05   
Armenia 4.31 0.23   0.14 0.08 0.15 0.09   
Australia 385.67 60.35 0.28 8.95 2.43 2.5 0.21 0.77 
Austria 12.52 0.41   0.55 0.86 0.16 0.03   
Azerbaijan 4.87   0.01 0.24 0.2 0.03 0.01   
Bahamas           0.09 0.02 0.02 
Bahrain                 
Bangladesh 0.42 0.63 18.74 0.06 0.1 1.11 0.22 0.08 
Barbados   0.01             
Belarus 44.72 1.29   0.13 0.02 24.17 4.83   
Belgium 5.29 0.15   0.09 0.47 0.21 0.04   
Belize 5.38   0.01 0.02 0.02 0.03 0.01 0.27 
Benin 0.33 3.87 0.04 0.05   0.15 0.03   
Bhutan 3.12 1.94 0.05 0.04 0.35       
Bolivia 64.37 0.03 0.38 0.89 0.26 0.04 0.01   
Bosnia & Herzegovina 17.77 0.18   0.24   0.17     
Botswana   13.07   0.46   0.29 0.06   
Brazil 1549.72 121.39 4.38 10.52 0.23 8.74 1.75 3.79 
Brunei Darussalam 0.51 0.26       0.41 0.32 0.06 
Bulgaria 26.38 1.01 0.04 0.46 0.01 0.09     
Burkina Faso   4.35 0.22 0.34   0.15 0.03   
Burundi 0.6 0.03 0.03     0.18 0.31   
Cambodia 42.29 4.5 4.44 0.05 0.07     1.19 
Cameroon 29.74 18.93 0.05 0.13   0.29 0.06 0.4 
Canada 54.58 127.86     5.32 0.99 0.2   
Cape Verde 3.44 0.01             
Central African Rep. 6.7 26.43 0.02 0.21   0.03 0.01   
Chad 0.55 4.46 0.19 0.93 1.36 0.02     
Chile 36.32 2.51 0.08 0.53 1.88 0.15 0.09   
China 1256.71 35.27 51.42 25.04 19.4 36.32 42.47 0.05 
Colombia 295.04   0.71 1.84 0.77 0.09 0.1 0.16 
Comoros 0.04 0.04             
Costa Rica 26.09 0.24 0.14 0.13 0.1 0.03 0.01 0.09 
Cote d'Ivoire 101.23 10.72 0.8 0.26   0.87 0.47 0.05 
Croatia 10.34 0.72   0.15 0.39       
Cuba 86.68 0.65 0.32 0.21   2.07 0.56 2.34 
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Country Reforestation Natural Forest 
Management 

Improved Rice 
Cultivation 

Grazing - 
Optimal 
Intensity 

Grazing - 
Legumes 

Peatland 
Restoration 

Avoided 
Peatland 
Impacts 

Avoided Coastal 
Impacts - 

Mangroves 
Curacao                 
Cyprus 0.78 0.08             
Czech Rep. 21.25 0.85   0.25 0.43 0.3 0.06   
Dem. People's Rep. of Korea 13.97 1.46 0.95 0.14 0.17 1.35 0.27   
Dem. Rep. of the Congo 175.96 14.77 0.85 0.64 0.16 1.75 0.94 0.07 
Denmark (except Greenland) 4.26 0.09   0.02 0.91 1.84 0.37   
Djibouti   0.01       0.05 0.03   
Dominica 0.01               
Dominican Rep. 35.64 0.1 0.34 0.1   0.01 0.01 0.05 
Ecuador 76.72 2.42 0.74 0.38 0.19 0.29 0.06 0.14 
Egypt   0.04 0.65     0.02     
El Salvador 11.87 0.24 0.01 0.05   0.06 0.01 0.06 
Equatorial Guinea 0.22 1.56       0.01   0.1 
Eritrea 0.02 0.02   0.08         
Estonia 6.83 0.73     0.17 6.56     
Ethiopia 97.48 14.14   0.56   0.44 0.38   
Fiji 2.27 1.04       0.06 0.01 0.06 
Finland 1.69 13.71     0.12 34.32 8.35   
France (except French Guiana) 111.5 4.88 0.03 2.84 12.22 1.5 0.31   
French Guiana (France) 0.4 5.02 0.02     0.03 0.01 0.43 
Gabon 9.31 22.89   0.04   0.06 0.07 0.35 
Gambia 0.69 0.03 0.02 0.01   0.06 0.01   
Georgia 17.92 3.28   0.17 0.21 0.09     
Germany 42 3.06   2.01 6.63 17.41     
Ghana 48.04 1.51 0.17 0.27   0.06 0.01 0.07 
Greece 92.43 4.2 0.07 0.23 0.18 0.16 0.01   
Greenland (Denmark)                 
Grenada 0.03               
Guatemala 50.84 0.63 0.04 0.33 0.62 0.04 0.04 1.4 
Guinea 10.82 0.62 1.33 0.73 0.03 1.46 0.29 0.14 
Guinea-Bissau 7.92 0.71 0.26 0.11   0.02   0.03 
Guyana 3.35 19.93 0.31     2.91 0.58 0.04 
Haiti 21.21 0.03 0.13 0.05 0.03     0.01 
Honduras 57.68 1.33 0.02 0.29 0.12 1.09 0.66 0.8 
Hungary 21.92   0.09 0.19 0.53 0.39     
Iceland           9.43 1.86   
India 519.47 42.58 69.66 0.93 8.58 1.46 0.29 2.18 
Indonesia 212.02 80.25 21.56 0.24 0.43 363.85 514.24 60.2 
Iran 19.37 1.07 0.92 0.74 0.23 0.18 0.03   
Iraq     0.08 0.25 0.52 3.2 32.99   
Ireland 87.65 0.09   0.45 3.32 5.01     
Israel 0.49 0.07       0.12     
Italy 111.47 4.2 0.36 1.01 0.73 0.29 0.06   
Jamaica 4.82 0.02       0.07 0.04 0.06 
Japan 67.06 22.01 2.65     2.47     
Jordan 0.01               
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Country Reforestation Natural Forest 
Management 

Improved Rice 
Cultivation 

Grazing - 
Optimal 
Intensity 

Grazing - 
Legumes 

Peatland 
Restoration 

Avoided 
Peatland 
Impacts 

Avoided Coastal 
Impacts - 

Mangroves 
Kazakhstan 11.75 0.75 0.16 9.72 0.12 0.01     
Kenya 12.59 0.2 0.01 0.64   2.91 3.88 0.03 
Kiribati                 
Kuwait                 
Kyrgyzstan 0.6   0.02 0.33 0.01 0.18 0.01   
Laos 44.17 3.16 1.38 0.05 0.43 0.29 0.06   
Latvia 11.68 0.91       2.65     
Lebanon 1.78 0.11             
Lesotho   0.04   0.02   0.05 0.03   
Liberia 5.57 1.28 0.13 0.07   0.12 0.08 0.02 
Libya 0.57     0.03 1.06 0.03 0.01   
Liechtenstein 0.03       0.01       
Lithuania 11.95 0.53   0.01 0.03 3.67 0.9   
Luxembourg 0.23 0.03             
Macedonia (FYROM) 7.06 0.31   0.16   0.03     
Madagascar 26.9 8.61 2.77 1.78   1.78 0.94 0.17 
Malawi 0.99 1.05 0.05 0.06   0.87 0.18   
Malaysia 29.38 19.14 1.1   0.36 34.93 57.01 17.94 
Maldives                 
Mali   0.7 1.05 0.9 0.78 0.15 0.03   
Malta 0.01               
Marshall Islands   0.01             
Mauritania   0.14 0.05 0.51 1.46 0.09 0.03   
Mauritius 1.63 0.01             
Mexico 516.96  0.26 5.23 1.09 2.91 0.58 2.33 
Micronesia   0.06       0.02     
Moldova 2.57 0.08   0.1 0.31 0.01     
Monaco                 
Mongolia 9.69 1.35   3.85 0.7 20.22 17.58   
Montenegro 8.72 0.81   0.08   0.31 0.14   
Morocco 11.51 4.14 0.02 0.46 2.51 0.02     
Mozambique 5.97 24.22 0.11 0.79   2.33 0.76 0.2 
Myanmar 237.27 28.89 13.03 0.2 1.59 2.91 0.58 18.4 
Namibia   1.93   0.95 0.57 0.03 0.01   
Nauru                 
Nepal 26.23 2.44 2.37 0.43 0.11 0.02     
Netherlands 12.21 0.12   0.17 1.01 3.08     
New Zealand 14.29 0.05   0.91 2.31 1.81   0.07 
Nicaragua 78.44 0.75 0.22 0.37 0.08 0.29 0.06 0.35 
Niger   0.96 0.07 0.66 1.9 0.03 0.07   
Nigeria 68.97 1.9 3.93 1.3   0.87 0.71 0.24 
Norway 0.43 4.38     0.23 2.88 2.56   
Oman       0.04 0.51       
Pakistan 6.17 1.23 3.85 1.01 0.07 0.03 0.01   
Palau 0.01 0.05           0.01 
Panama 39.78 3.75 0.18 0.09 0.03 0.29 0.06 0.31 
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Country Reforestation Natural Forest 
Management 

Improved Rice 
Cultivation 

Grazing - 
Optimal 
Intensity 

Grazing - 
Legumes 

Peatland 
Restoration 

Avoided 
Peatland 
Impacts 

Avoided Coastal 
Impacts - 

Mangroves 
Papua New Guinea 9.78 13.81     0.5 14.55 27.22 1.35 
Paraguay 150.16   0.07 1.01   0.06 0.01   
Peru 32.88 45.61 0.62 0.86 1.43 0.29 0.06   
Philippines 118.84 6.47 7.08 0.09 0.74 0.23 0.05 2.03 
Poland 75.22     1.24 5.7 13.66 1.11   
Portugal 64.95 2.35 0.14 0.36 0.16 0.04     
Qatar                 
Rep. of Congo 46.09 25.67   0.11   0.03 0.01   
Rep. of Korea 3.24 1.58 1.47     0.01     
Romania 30 2.72 0.02 1.27 0.52 0.56 0.11   
Russian Federation 351.33 245.05 0.33 0.78 6.14 89 2.07   
Rwanda   0.1 0.01 0.01   0.6 0.71   
Saint Kitts & Nevis 0.07 0.01             
Saint Lucia 0.03               
Saint Vincent & the Grenadines 0.05               
Samoa   0.07             
San Marino 0.03               
Sao Tome & Principe                 
Saudi Arabia   1.18   0.15 2.33       
Senegal 0.4 7.62 0.12 0.14   0.02 0.02 0.01 
Serbia 16.69 0.69   0.42 0.02 0.31 0.14   
Seychelles                 
Sierra Leone 5.13 0.27 0.81 0.33   0.12 0.08 0.02 
Singapore 0.04 0.02       0.4 0.05   
Slovakia 8.34 0.28   0.2   0.15     
Slovenia 2.31     0.15 0.08 0.09 0.01   
Solomon Islands 0.28 0.42       0.01   0.15 
Somalia 7.36 7.67   0.24   0.15 0.03   
South Africa 5.03 8.31   1.78 0.08 0.21 0.16 0.01 
South Sudan 0.03     1.06         
Spain 188.73 12.13 0.2 1.05 3.72 0.11 0.03   
Sri Lanka 2.71 1.5 1.73 0.04   0.06   0.03 
Sudan   5.92   1.04 1.22 2.91 0.58   
Suriname 1.41 3.24 0.06   0.36 0.29 0.06 0.89 
Swaziland       0.08   0.1 0.05   
Sweden 6.84 5.33     1.92 7.1 1.42   
Switzerland 3.19 0.1   0.22 0.98 0.17 0.04   
Syrian Arab Rep. 2.39 0.36   0.12 0.11 0.01     
Taiwan                 
Tajikistan 0.17 0.01 0.05 0.09 0.01       
Tanzania 66.73 55.26 1.72 0.95 0.05 0.26 0.11 0.16 
Thailand 186.18 0.8 19.7     1.57 0.25 3.74 
Timor-Leste   0.24   0.01       0.01 
Togo 7.44 0.11 0.06 0.05   0.06 0.07   
Tonga                 
Trinidad & Tobago 1.43 0.17       0.01 0.01 0.12 
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Country Reforestation Natural Forest 
Management 

Improved Rice 
Cultivation 

Grazing - 
Optimal 
Intensity 

Grazing - 
Legumes 

Peatland 
Restoration 

Avoided 
Peatland 
Impacts 

Avoided Coastal 
Impacts - 

Mangroves 
Tunisia 3.23 0.06   0.1 0.13       
Turkey 308.96 7.91 0.16 2.01 2.61 0.31 0.03   
Turkmenistan     0.1 0.33   0.12     
Tuvalu                 
Uganda 5.09 0.37 0.09 0.31 0.03 14.55 8.8   
Ukraine 104.69 1.88 0.05 2.81 1.7 3.08     
United Arab Emirates   0.14   0.01         
United Kingdom 153.05     1.31 8.53 5.76 1.15   
United States (except Alaska) 357.98 65.72 2.35 13.73 13.79 17.58 3.54 3.8 
Uruguay   0.19 0.28 0.6   0.29 0.05   
Uzbekistan 0.02   0.06 0.67 0.01 0.48 0.08   
Vanuatu 1.76               
Venezuela 165.53 52.04 0.48 0.94 0.37 2.62 1.11 0.97 
Vietnam 128.2 5.4 12.16 0.21 0.63 3.81 0.76 0.65 
Yemen   0.66   0.1 0.8       
Zambia 3.72 24.44 0.02 1.11   3.49 1.88   
Zimbabwe   15.5   1.08 0.1 0.73 0.44   
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Table S4. Cost effective NCS mitigation levels contributing to holding global warming below 2°C. Literature sources used in setting both <2°C and Low Cost targets are listed 
below <2°C targets. See Table S1 for key sources used for estimating maximum additional mitigation potential. See Methods Details section for additional sources and narrative on 
target assignments for each pathway. 

     Mitigation Potential 

Pathway 
Pathway 
Element 

Maximum 
Additional 

Mitigation Potential  
(TgCO2e yr-1) 

Max. Mitigation 
Uncertainty  

95% CI bounds 
 (TgCO2e yr-1) 

<2°C Target 
(% of max) 

<2°C Mitigation  
(TgCO2e yr-1) 

Low Cost 
Target  

(% of max) 
Low Cost Mitigation 

(TgCO2e yr-1) 
Avoided Forest 
Conversion 

Conversion of 
Natural Forests 2,452  90% 2206 60% 1,471 

  References   (113, 114)  (113, 114)  

  

Clearing for 
Subsistence 
Agriculture 

1,151  60% 691 30% 345 

  References        
All 3,603 2,999 – 4,209 80% 2,897 50% 1,816 

 Reforestation Temperate 2,100      
 References       
 Tropical & 

Subtropical 
8,025      

 References       
 All 10,124 2,727 – 17,867 30% 3,037 0% 0 
 References   (115)  (115)  
Natural Forest 
Management 

Temperate & 
Boreal 690      

 References       
 Tropical & 

Subtropical 
780      

 References       
 All 1,470 921 – 8,224 60% 882 30% 441 
  References         (60, 116) (60, 116)  
Improved 
Plantations 

Temperate & 
Boreal 304      

 References       
 Tropical & 

Subtropical 139      

 References       
 All 443 168 – 1,009 60% 266 0% 0 
        
  References           (60, 116) (60, 116)  
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     Mitigation Potential 

Pathway 
Pathway 
Element 

Maximum 
Additional 

Mitigation Potential  
(TgCO2e yr-1) 

Max. Mitigation 
Uncertainty  

95% CI bounds 
 (TgCO2e yr-1) 

<2°C Target 
(% of max) 

<2°C Mitigation  
(TgCO2e yr-1) 

Low Cost 
Target  

(% of max) 
Low Cost Mitigation 

(TgCO2e yr-1) 
Fire 
Management 

Temperate Fire 
Prone Forests 19 7 – 182     

  References       
 Brazilian 

Amazon 
Forests 

68 17 – 117     

 References       
 Global 

Savannas 
125 50 – 200     

 References       
 All 212 166 – 411 60% 127 0% 0 
 References       
Avoided 
Woodfuel 
Harvest 

All 367 326 – 407 30% 110 0% 0 

  References      

Forest Subtotal  16,219 11,291 – 28,133  7,320  2,257 

Avoided 
Grassland 
Conversion 

Temperate 47      

 References       

 Tropical & 
Subtropical 69      

 References       
 All 116 75 - 373 30% 35 0% 0 

Biochar All 1,102 642 – 1,455 30% 331 0% 0 
 References       

Cropland 
Nutrient 
Management 

All 706 399 - 959 90% 635 90% 635 

 References       
Conservation 
Agriculture All 413 310 - 516 90% 372 60% 248 
 References   (117)  (117)  
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     Mitigation Potential 

Pathway 
Pathway 
Element 

Maximum 
Additional 

Mitigation Potential  
(TgCO2e yr-1) 

Max. Mitigation 
Uncertainty  

95% CI bounds 
 (TgCO2e yr-1) 

<2°C Target 
(% of max) 

<2°C Mitigation  
(TgCO2e yr-1) 

Low Cost 
Target  

(% of max) 
Low Cost Mitigation 

(TgCO2e yr-1) 
Trees in 
Croplands Windbreaks 204  60% 122 0%  

 References       

 Alleycropping 616  30% 185 0%  

 References       

 
Farmer 
Managed 
Natural Regen. 

220  60% 132 0%  

 References       

 All 1,040 469 – 1,855 42% 439 0% 0 
 References   (117)  (117)  
Grazing - 
Optimal 
Intensity 

All 148 148 - 699 60% 89 30% 45 

 References   (58)  (58)  
Grazing - 
Legumes in 
Pastures 

All 147 14 - 1500 90% 132 60% 88 

 References   (58)  (58)  
Grazing - 
Improved Feed All 680 35 - 1014 30% 204 0% 0 
 References   (58)  (58)  

Grazing - 
Animal 
Management 

All 200 75 - 214 30% 60 0% 0 

 References       

Improved Rice 
Cultivation All 265 227 - 319 60% 159 30% 80 

  References 
  (60, 117–119) 

  (60, 117–
119) 

 

Agriculture & Grasslands 
Subtotal  4,817 4,398 – 6,926 51% 2,456 23% 1,095  
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     Mitigation Potential 

Pathway 
Pathway 
Element 

Maximum 
Additional 

Mitigation Potential  
(TgCO2e yr-1) 

Max. Mitigation 
Uncertainty  

95% CI bounds 
 (TgCO2e yr-1) 

<2°C Target 
(% of max) 

<2°C Mitigation  
(TgCO2e yr-1) 

Low Cost 
Target  

(% of max) 
Low Cost Mitigation 

(TgCO2e yr-1) 
Avoided 
Coastal 
Wetland 
Impacts 

Mangrove 130  90% 117 60% 78 

  References       
  Salt Marsh 42  90% 38 60% 25 
  References       

  Seagrass 132  90% 119 60% 79 
  References       

  All 304 141 – 466 90% 273 60% 182 
Avoided 
Peatland 
Impacts 

Tropical 
Peatland 

664      

  References       
  Temperate 

Peatland 
75      

  References       
  

Boreal Peatland 15      
  References       
  All 754 237 – 1,212       90% 678 60% 452 
 References   (62)       (62)  
Coastal 
Wetland 
Restoration Mangrove 

596  30% 179 0% 0 

  References       
  

Salt Marsh 36  60% 22 0% 0 
  References       

  
Seagrass 209  0% 0 0% 0 

  References       
  

All 841 621 – 1,064 24% 200 0% 0 
 

References   (120)  (120)  
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     Mitigation Potential 

Pathway 
Pathway 
Element 

Maximum 
Additional 

Mitigation Potential  
(TgCO2e yr-1) 

Max. Mitigation 
Uncertainty  

95% CI bounds 
 (TgCO2e yr-1) 

<2°C Target 
(% of max) 

<2°C Mitigation  
(TgCO2e yr-1) 

Low Cost 
Target  

(% of max) 
Low Cost Mitigation 

(TgCO2e yr-1) 
Peatland 
Restoration 

Tropical 
Peatland 497  60% 298 30% 149 

  References       

  
Temperate 
Peatland 

267  30% 80 0% 0 

  References   (121)  (121)  
  

Boreal Peatland 
51  30% 15 0% 0 

  References       
  All 815 705 – 2,471 48% 394 18% 149  

References   (117)  (117)  

Wetlands 
Subtotal   2,713 2,415 – 4,502 57% 1,546 29% 784 

Total  23,750 20,261 – 37,403 48% 11,321 17% 4,136 
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Table S5. Co-benefits associated with natural pathways. We summarize publications providing evidence that a given type of ecosystem service is enhanced due to 
implementation of a pathway. Cells in white indicate cases where we did not identify clear evidence of enhanced ecosystem services. See Methods Details section for definition of 
each of the four service types (biodiversity, water, soil, air). 
 

Pathway Biodiversity  
(alpha, beta, gamma) 

Water  
(filtration, flood control) 

Soil  
(enrichment) 

Air  
(filtration) 

Forests 
Avoided 
Forest 
Conversion 

"Results indicate the irreplaceable 
value of continuous primary forests 
for conserving biodiversity" (122). 

Improved availability of water for 
crop irrigation, drought mitigation; 
avoided sedimentation and water 
regulation for hydroelectric dams 
(123).  

Water retention and flow regulation 
(123). Maintains soil biological and 
physical properties ensuring health 
and productivity of forests (124). 

 Ozone abatement benefits of 
reforestation (125). Multiple modeling 
studies describe health benefits of air 
filtration by forests (126, 127). 

Reforestation Tree plantings can create wildlife 
corridors and buffer areas that 
enhance biological conservation 
(128). 

Improved availability of water for 
crop irrigation, drought mitigation; 
avoided sedimentation and water 
regulation for hydroelectric dams 
(123).  

Measured increase in soil fauna in 
reforested sites. During drought 
conditions earthworms only survived 
in reforested areas (129). 

 Ozone abatement benefits of 
reforestation (125). Multiple modeling 
studies describe health benefits of air 
filtration by forests (126, 127). 

Natural Forest 
Management 

"Species richness of invertebrates, 
amphibians, and mammals decreases 
as logging intensity increases" (130). 

Harvesting that removes large 
proportions of biomass increases 
water flows and flooding thereby 
altering freshwater ecosystem 
integrity (131). 

Timber harvesting that removes large 
amounts of woody debris reduces soil 
biological and physical properties 
thereby reducing health and 
productivity (124). 

 

Improved 
Plantations 

Forest plantations that consider 
community type such as polycultures 
over monocultures, native over 
exotics, disturbance pattern 
replication, longer rotations, and early 
thinning can enhance biodiversity 
(132). 

      

Fire 
Management 

Fire management that mimics natural 
historic fire regimes can improve 
forest biodiversity (133). 

Forests that survive fires (i.e. reduced 
catastrophic wild fires) contain more 
organic matter, improved soil 
properties, and lower recovery times  
enhance water infiltration and 
retention (134) 

Forests that survive fires (i.e. reduced 
catastrophic wild fires) contain more 
organic matter, improved soil 
properties, and lower recovery times  
enhance water infiltration and 
retention (135). 

“Possibility of small increases in 
mortality due to abrupt and dramatic 
increases in particulate matter 
concentrations from wildfire smoke" 
(136). 

Avoided 
Woodfuel 
Harvest 

Woodfuel collection reduces 
saproxylic material used as food and 
habitat for forest organisms and fauna 
(137). 

Limiting soil compaction during 
woodfuel harvest reduces runoff and 
increases forest water retention (137). 

Fuel wood harvest causes soil 
compaction and disturbance that can 
change soil chemical properties (137). 

More efficient cook stoves improve 
indoor air quality and "reduces the 
incidence of mortality and disease" 
(138, 139). 
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Pathway Biodiversity  
(alpha, beta, gamma) 

Water  
(filtration, flood control) 

Soil  
(enrichment) 

Air  
(filtration) 

Agriculture & Grasslands  
  
  
  
  

Avoided 
Grassland 
Conversion 

Important habitat for nesting and 
foraging birds (140). 

Permanent grasslands provide 
"biological flood control" and 
maintain ecosystem water balance 
assuring adequate water resources 
(141). 

"Soil macroinvertebrates are 
important prey for breeding wading 
birds on lowland wet grassland" 
(140). 

  

Biochar     The addition of biochar enhances soil 
quality and fertility in temperate 
regions (142). 

  

Cropland 
Nutrient 
Management 

Increased fish species richness and 
abundance (143).  

Benefits associated with improved 
drinking water quality, increased 
opportunities for recreation, and 
health benefits (143). 

Better nutrient management maintains 
soil fertility (144). 

"Precision management of soil 
nutrients can reduce ammonia and 
nitric oxide emissions" (144). 

Conservation 
Agriculture 

  Reduces agricultural water demands 
with appropriate cover crops (145). 

Reduces soil erosion and 
redistribution maintaining soil depth 
and water retention (144). 

 

Trees in 
Croplands 

Agroforestry provides habitat for 
species and supports connectivity 
(146). 

Erosion control and water recharge 
(146). 

Decreased soil erosion (147).   Tree planting helps capture airborne 
particles and pollutant gasses (144). 

Grazing - 
Animal 
Management 

        

Grazing - 
Optimal 
Intensity 

A gradient of intensive to extensively 
grazed pastures reduces overall 
disturbance to plant-insect interactions 
(148). 

Nearly 70% of water use for cattle 
occurs during farm grazing, managed 
grazing practices can reduce water use 
on managed pastures (149). 

Over grazing can reduce the soils 
ability to trap contaminants and cause 
a release of these and other suspended 
sediments (144). 

  

Grazing - 
Legumes in 
Pastures 

The presence of legumes in prairie 
leads to higher insect herbivore and 
insect predator diversity (150). 

  "Legumes provide other ecological 
services including improved soil 
structure, erosion protection and 
greater biological diversity" (151). 

  

Grazing - 
Improved 
Feed 

        

Improved 
Rice 
Cultivation 

  Alternating wet dry and midseason 
drainage of irrigated rice fields 
reduces water demands for agriculture 
(152). The use of gray water in 
agriculture can reduce gross water 
consumption (153). 
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Pathway Biodiversity  
(alpha, beta, gamma) 

Water  
(filtration, flood control) 

Soil  
(enrichment) 

Air  
(filtration) 

Wetlands  
Avoided 
Coastal 
Wetland 
Impacts 

Maintains the provision of structure, 
nutrients and primary productivity and 
nurseries for commercially important 
fish and shrimp (70, 154–156). 

Coastal wetlands have an assessed 
economic value of $785-$34,700 in 
waste water treatment value (157). 

Benefits of cross-system nutrient 
transfer to coral reefs, coastal 
protection, and water quality 
regulation (158). 

 Tree planting helps capture airborne 
particles and pollutant gasses (144). 

Avoided 
Peatland 
Impacts 

"Boreal peat bogs contain distinctive 
insects in addition to widely 
distributed generalists" (156, 159). 

Wetlands and wetland soils attenuate 
flooding (156, 160) 

Wetlands and wetland soils attenuate 
flooding (160). 

Draining and forest clearing increases 
peat fire risk (161). Exposure to 
pollutants from peat fires increases in 
the need for health services to treat 
lung and pulmonary disorders (162). 

Coastal 
Wetlands 
Restoration 

Maintains the provision of structure, 
nutrients and primary productivity and 
nurseries for commercial fish and 
shrimp (70, 154–156). 

Flood control and water filtration 
benefits of mangroves (70, 163) and 
other coastal wetlands (156). 

Benefits of cross-system nutrient 
transfer to coral reefs, coastal 
protection, and water quality 
regulation (158). 

 Tree planting helps capture airborne 
particles and pollutant gasses (144). 

Peatland 
Restoration 

Regeneration of peatlands re-
establishes diverse communities (164) 

Waste water treatment and storm 
water remediation (156, 165). 

Restoring degraded lands to high 
productivity depend on faunal species 
that help develop soil structure and 
fertility (166). 

Exposure to pollutants from peat fires 
increases in the need for health 
services to treat lung and pulmonary 
disorders (162). Rewetting peatlands 
reduces fire risk (167). 
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Table S6. Alignment of multilateral announcements of global environmental efforts with <2°C mitigation levels for 20 natural pathways. See Table S4 for quantitative 
NCS <2°C targets for each pathway. 

Multilateral announcements of global environmental 
efforts related to NCS Pathway(s) Relationship to NCS <2°C targets 
United Nations New York Declaration on Forests 

  

"..halve the rate of loss of natural forests globally by 
2020... end natural forest loss by 2030."  

Avoided forest conversion More ambitious than NCS targets, if interpreted as ending gross natural forest loss. 

"Restore 150 million hectares of degraded landscapes 
and forestlands by 2020... restore at least an additional 
200 million hectares by 2030." 

Reforestation NCS 2030 target is moderately more ambitious. The UN target of 350 Mha by 2030 
includes some agroforestry, silviculture etc. in addition to likely 200-250 Mha of 
reforestation. 

Bonn Challenge     

 “…a global aspiration to restore 150 million hectares 
of the world’s deforested and degraded lands by 2020.” 

Reforestation Similar ambition to NCS target, assuming forest C sequestration rates/ha reflect 
global means (150 Mha of reforestation and other forest restoration vs. ~100 Mha 
of reforestation only for the NCS target by 2020). 

United Nations Convention on Biological Diversity, Aichi Targets 

Target 5: "By 2020, the rate of loss of all natural 
habitats…is at least halved and where feasible brought 
close to zero, and degradation and fragmentation is 
significantly reduced." 

Avoided forest conversion, 
coastal impacts, and peat 
impacts 

“brought close to zero” is aligned with NCS targets for forests, wetlands. It is more 
ambitious for avoided grassland conversion, which we assume to involve more 
expensive opportunity costs per MgCO2 abatement. 

Target 11:"By 2020, at least 17 per cent of terrestrial 
and inland water, and 10 per cent of coastal and marine 
areas…are conserved through…systems of protected 
areas and other…area-based conservation measures…" 
Target 15:"By 2020, … restoration of at least 15 per 
cent of degraded ecosystems…" 

All restoration pathways Targets 11 and 15 are important contributions to NCS targets, but alone not 
sufficient. 

4 pour 1000   

 
“The goal of the initiative is to engage stakeholders in a 
transition towards a productive, resilient agriculture, 
based on a sustainable soil management and generating 
jobs and incomes, hence ensuring sustainable 
development…A 4% annual growth rate of the soil 
carbon stock would make it possible to stop the present 
increase in atmospheric CO2” 

Reforestation, natural forest 
management, improved 
plantations, fire management, 
avoided woodfuel harvest, 
biochar, conservation 
agriculture, trees in croplands, 
grazing – optimal intensity, 
grazing – legumes in pastures, 
coastal wetland restoration, 
peatland restoration 
 
 
 
 

More ambitious than NCS targets, if interpreted as attempting to increase soil 
carbon by 4% per year. However, 4% is an aspirational goal, and there is no date 
associated with the goal, and the application to forest and wetland systems is 
unclear. 
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United Nations Global Goals 
  

Goal 6: "By 2020, protect and restore water-related 
ecosystems, including mountains, forests, wetlands, 
rivers, aquifers and lakes." 

Avoided forest conversion, 
coastal impacts, and peat 
impacts; Reforestation; Coastal 
restoration; Peat restoration 

Aligned with NCS targets; however, cannot compare ambition levels without 
greater clarity on quantitative thresholds for achieving goal.  

Goal 15: "By 2030…strive to achieve a land 
degradation-neutral world."* 

Natural forest management and 
improved plantations; Fire 
management; Avoided 
woodfuel harvest; Grazing 
optimal intensity, legumes in 
pastures, and improved feed 

Aligned with NCS targets; however, cannot compare ambition levels without 
greater clarity on quantitative thresholds for achieving “land degradation-neutral 
world.” 

The Convention on Wetlands of International 
Importance (Ramsar Convention)  

All four wetlands pathways Convention concept can help achieve NCS targets; however, cannot compare 
ambition levels without greater clarity on quantitative thresholds for achieving 
Ramsar outcomes. 

World Business Council on Sustainable Development Vision 2050 

“Doubling of agricultural output without increasing the 
amount of land or water used: ...reduce the land area 
under agricultural production… increase the carbon 
sequestration in soils, and emissions…from 
agriculture…are radically reduced.” 

Nutrient management; 
Conservation agriculture; Trees 
in croplands; Grazing optimal 
intensity, legumes in pastures, 
improved feed, and animal 
management; Improved rice 
cultivation 

“without increasing amount of land…used” is aligned with NCS assumption of no 
reduction in current cropland area. Ambition to “reduce the land area under 
agricultural production” would allow for higher “maximum” potential for 
reforestation pathway.  
Soil carbon and ag emissions statement are aligned with NCS targets, however, 
cannot compare ambition levels without greater clarity on quantitative thresholds 
for achieving these outcomes. 

“Halting deforestation and increasing yield from 
planted forests” 

Avoided forest conversion; 
Improved plantations 

Halting deforestation entirely is more ambitious than NCS target, if interpreted as 
ending gross natural forest loss (which would need to be specified). Increasing yield 
from planted (plantation) forests is an outcome of our Improved Plantations 
pathway. 

“Restoration of degraded land for production of food, 
biofuel crops and timber is a common practice across 
the globe” 

Natural forest management and 
improved plantations; Trees in 
croplands 

Statement aligned with NCS targets; however, cannot compare ambition levels 
without greater clarity on quantitative thresholds for achieving these outcomes. 

“[By 2050]: Forests cover 30% of world land area. The 
total stock of carbon sequestered in forests is more than 
10% greater than 2010 levels. Primary forest coverage 
is held intact and expanded somewhat. Primary forests 
are no longer used for wood, wood products, new 
farmland, or biomass. Yield and harvest from planted 
forests have increased threefold from 800 million cubic 
meters to 2.7 billion cubic meters…and the land area 
has increased by 60%.” 

Avoided forest conversion; 
Reforestation; Avoided 
woodfuel harvest 

Holding & expanding primary forest cover (assuming primary = "natural forest" 
cover(1)) is more ambitious than NCS target. Stop logging in "primary forests" is 
consistent with our improved forestry pathway. The extent of spatial overlap 
depends on definition of "primary."  
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Tropical Forest Alliance 2020 

“…contribute to mobilizing and coordinating actions by 
governments, the private sector and civil society to 
reduce tropical deforestation related to key agricultural 
commodities by 2020.” 

Avoided forest conversion Statement aligned with NCS targets; however, cannot compare ambition levels 
without greater clarity on quantitative thresholds for achieving these outcomes. 

*According to the United Nations Convention to Combat Desertification, “land degradation neutrality can be monitored and communicated in terms of increased productivity, 
vegetative cover, biodiversity and the resulting socio-economic benefits” 
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Table S7. Activities associated with pathways. Activities represent specific conservation, restoration, and/or improved land management actions that practitioners may take to 
avoid emissions and/or enhance sequestration.   
 

Pathway Conservation Action (168) Example Activities 
Forests     

Avoided Forest 
Conversion 

1.1, 1.2, 2.1, 5.1, 5.2, 5.3, 
5.4 

Protected areas establishment and improved enforcement; improved citing of non-forest land use; forest certification; 
improved land tenure; zero deforestation commitments; sustainable intensification of subsistence agriculture; avoided loss 
of high carbon forests. 

Reforestation 2.3, 5.1.2, 5.2, 5.3, 5.4.4, 
6.1, 6.2 

Conversion from non-forest to forest in areas ecologically appropriate for tree growth through agricultural certification 
programs and impact mitigation frameworks that prioritize restoration; regulations that advance minimum forest cover 
requirements; integration of trees into grazing lands (i.e. silvopastoral systems); reduced consumption of land-extensive 
food types (e.g. beef). 

Natural Forest 
Management 

1.2, 2.3, 4.2, 5.1.3, 5.3, 
2.3, 4.2, 5.3, 6.3 

Extension of logging rotations; reduced-impact logging practices that avoid damage to non-commercial trees; voluntary 
certification programs; regulatory requirements that limit impacts from logging; improved land tenure; stop-logging.  

Improved Plantations 2.3, 4.2, 5.3, 6.3 Extension of logging rotation lengths to achieve maximum yield while increasing average landscape carbon stocks; 
certification systems; multi-species plantation systems. 

Fire Management 2.2 2.3, 4.2, 5.3, 6.3 Advance prescribed fires to reduce the likelihood of more intense wildfires in fire-adapted forests; advance fire control 
practices in tropical moist forests such as fire breaks between pasture and forest edges; regulations and certification 
programs that promote improved fires management; improved forest management practices that reduce slash and improve 
resiliency to natural disturbance.  

Avoided Woodfuel 
Harvest 

1.1, 2.1 2.2, 4.2, 5.3, 6.1, 
6.2, 6.3 

Reduce woodfuel harvest levels by adoption of improved efficiency cook stoves or stoves using alternative fuel (e.g. solar, 
methane from agricultural waste).  

Agriculture & 
Grasslands 

    

Avoided Grassland 
Conversion 

1.1,1.2, 2.1, 5.1, 5.2, 5.3, 
5.4 

Protected areas establishment and improved enforcement to prevent conversion of grasslands to tilled croplands; improved 
land tenure; intensification of existing croplands. 

Biochar 1.2, 2.3, 4.2, 5.1.3, 5.3 Extension programs to build capacity on biochar management; improved land tenure; certification systems; incentives 
programs. 

Cropland Nutrient 
Management 

1.2, 2.3, 4.2, 5.1.3, 5.3 Certification programs that seek to maintain water quality by reducing excessive fertilizer; water quality/pollution 
mitigation; credit trading programs; removal of regulations creating perverse incentives to apply excessive fertilizer; 
improved manure management. 

Conservation 
Agriculture 

1.2, 2.3, 4.2, 5.1.3, 5.3 Cultivation of additional cover crops in fallow periods; shift to reduced-tillage or zero-tillage systems and other 
conservation agriculture practices may enhance soil carbon benefits of cover crops. 

Trees in Croplands 1.2, 2.3, 4.2, 5.1.3, 5.3 Regulations and certification programs that promote integration of trees into agricultural lands; agroforestry certification 
systems; increasing the quantity of trees in croplands by introducing windbreaks (also called shelterbelts), alley cropping, 
and farmer managed natural regeneration (FMNR). 
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Pathway Conservation Action(168) Example Activities 
Grazing - Animal 
Management 

  Animal management practices such as improved health; reduced mortality; improved genetics; live weight gain. 

Grazing - Optimal 
Intensity 

1.2, 2.3, 4.2, 5.1.3, 5.3 Maintaining forage consumption rates that enable maximum forage production; certification programs. 

Grazing - Legumes in 
Pastures 

1.2, 2.3, 4.2, 5.1.3, 5.3 Sowing legumes in existing planted pastures. 

Grazing - Improved 
Feed 

  Inclusion of cereal grains in feed to improve feed quality and reduce methane emissions. 

Improved Rice 
Cultivation 

1.2, 2.3, 4.2, 5.1.3, 5.3 Adopting water management techniques such as alternate wetting and drying (AWD) and midseason drainage (MSD); 
residue incorporation; fertilizer management. 

Wetlands      
Avoided Coastal 
Wetland Impacts 

1.1, 1.2, 2.1, 5.1, 5.2, 5.3, 
5.4, 6.3 

Protected areas establishment and improved enforcement; improved land tenure; no-net-loss mitigation regulations; 
avoided harvest of mangroves for charcoal; avoided consumption of food products with acute impacts on coastal wetlands 
(e.g. mangrove replacing shrimp farms). 

Avoided Peatland 
Impacts 

1.1, 1.2, 2.1, 5.1, 5.2, 5.3, 
5.4, 6.4 

Protected areas establishment and improved enforcement; improved land tenure; no-net-loss mitigation regulations; re-
siting of oil palm plantation permits to non-peat locations. 

Coastal Wetlands 
Restoration 

2.3, 5.1.2, 5.2, 5.3, 5.4.4, 
6.1, 6.3 

Re-wetting and re-planting with native salt-water wetlands; wetland mitigation programs.  

Peatland Restoration 2.3, 5.1.2, 5.2, 5.3, 5.4.4, 
6.1, 6.4 

Re-wetting and re-planting with native freshwater wetlands species; wetland mitigation programs. 
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Methods Details 1 

We address three questions in this analysis:  2 

1. What is the maximum climate mitigation potential of Natural Climate Solutions (NCS), with 3 

safeguards for food and fiber security and biodiversity conservation?  4 

2. What proportion of maximum potential NCS is needed as a contribution to limiting global 5 

warming below 2°C?  6 

3. What proportion of NCS has the lowest cost barrier?   7 

Our methods for addressing these questions for 20 natural pathways across three biomes (forests, 8 

grasslands + croplands, and wetlands) are as follows.  9 

 10 

Estimating maximum mitigation potential with safeguards for 20 natural pathways by 2030   11 

As described in the main text, we estimate the maximum additional annual mitigation potential at a 12 

2030 reference year (Table S1). By “additional” we mean mitigation outcomes due to actions taken beyond 13 

business-as-usual land use activities, and not including existing land fluxes not attributed to human 14 

activities. We constrained this estimate to be consistent with meeting human needs for food and fiber. For 15 

food, we allow no reduction in existing cropland area, but do allow the potential to reforest all grazing lands 16 

in forested ecoregion, as consistent with agricultural intensification scenarios (169) and potential for dietary 17 

changes in meat consumption (170). For fiber, we assume that any reduced timber production associated 18 

with implementing our Natural Forest Management pathway is made up by additional wood production 19 

associated with improved plantations and/or reforestation pathways.  20 

We also limit our estimate of maximum mitigation potential by avoiding activities that would 21 

negatively impact biodiversity, such as establishing forests where they are not the native cover type (171).  22 

For most pathways, we generated new estimates of the maximum mitigation potential (Mx) informed by 23 

a review of publications on the potential extent (Ax) and intensity of flux (Fx), where Mx = Ax * Fx. Our 24 

estimates for the reforestation pathway involved new geospatial analyses. For most pathways the applicable 25 

extent was in terms of area (hectares); however, for five of the pathways (Biochar; Cropland Nutrient 26 
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Management; Grazing – Improved Feed; Grazing – Animal Management; Avoided Woodfuel Harvest) other 27 

units of extent were used (Table S1). For three pathways (Avoided Woodfuel Harvest; Grazing – Optimal 28 

Intensity; Grazing – Legumes in Pastures) estimates were derived directly from an existing published 29 

estimate.  In these cases, we found no other estimates of similar credibility and we concluded that it was 30 

beyond the scope of this analysis to improve upon the single source. Our specific methods for estimating 31 

maximum mitigation potential are described for each pathway below, and results are summarized in Tables 32 

S1 and S4.  33 

 34 

Estimating uncertainty of our maximum mitigation potential estimates  35 

We estimated uncertainty for maximum mitigation potential estimates for each pathway.  The 36 

following methods, consistent with Intergovernmental Panel on Climate Change (IPCC) good practice 37 

guidance (172), build on those described by Griscom et al. (173) to empirically estimate uncertainty where 38 

possible. Where available data were insufficient for empirical uncertainty estimates we conducted an expert 39 

elicitation. More specifically, for each pathway, we employed one of the following options to assign 40 

pathway uncertainties to our maximum estimate of extent (Ax) and flux intensity (Fx) Options 1-3 were 41 

explored before proceeding to option 4.  42 

Option 1: If Ax and Fx are calculated from formulae with independent error estimates for each variable, 43 

calculate uncertainty of Ax and/or Fx using IPCC Uncertainty Approach 1 (172).  44 

Option 2: If one good study exists with its own estimate of uncertainty for Ax and/or Fx, convert this 45 

uncertainty to 95% confidence interval. 46 

Option 3: If three or more studies exist with comparable published estimates of Ax and/or Fx, but no 47 

good embedded estimates of uncertainty, check distribution of Ax and Fx estimates for normality and 48 

symmetry, and calculate 95% confidence interval of distribution. 49 

Option 4: If option 1-3 conditions cannot be met, assign uncertainty estimates to Ax and/or Fx using 50 

expert elicitation, with a minimum of three respondents. The results of this method are distinguished from 51 

empirical methods (Options 1-3) with gray text in Table S1 and with wider error bars in Fig. 1. 52 
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We used the Delphi method (174) of expert elicitation. Experts were contacted individually via email 53 

with detailed instructions on the task, definition of terms, units, flux constraints, baseline assumptions, and a 54 

list of key studies we consider most relevant to answering the questions. We requested anonymous 55 

responses to six questions for each pathway (unless specified otherwise below).  Three questions were asked 56 

about the uncertainty of extent values (Ax), and three about the uncertainty of flux intensity values (Fx), as 57 

follows: 58 

1. What do you think is the lowest this value could be? This is your best estimate of the lower end 59 

of a 95% confidence interval (~2.5% chance the true value is lower than this value)?  60 

2. What do you think is the highest this value could be? This is your best estimate of the upper end 61 

of a 95% confidence interval (~2.5% chance the true value is lower than this value)? 62 

3. In arriving at your estimates, did you consider any additional peer-reviewed papers that we did 63 

not list? If so please provide full reference or pdf.  If you would like to describe methods you 64 

used to arrive at your estimates, please note them here. Also, if you believe the median value is 65 

substantially skewed towards the upper or lower value above, please provide your median 66 

value.  Response to this methods & skewness question is optional. It is understood that your 67 

methods involve both awareness of existing data and your judgement given the limited 68 

availability of data. Let us know if you have any questions about our questions. 69 

In a second email we anonymously reported to each expert the mean of upper and lower values 70 

reported by all experts for each pathway and we provided to all any additional papers received and 71 

clarifications to questions asked. We gave each expert the chance to provide revised estimates.  The mean 72 

values from respondents’ final answers to questions were averaged to derive the upper and lower bounds of 73 

95% confidence intervals.   74 

We received responses from 21 of 90 topic experts contacted.  Each was identified on the basis of their 75 

authorship of relevant peer-reviewed publications. The following individuals provided expert responses for 76 

one or two pathways: Shawn Archibeque, Mark Bonner, Rich Conant, Peter Ellis, Joe Fargione, Alan 77 

Franzluebbers, Holly Gibbs, Bronson Griscom, Richard Houghton, Matthew Hurteau, Tyler Lark, Guy 78 
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Lomax, Megan Machmuller, Susan Page, Jack Putz, David Shoch, Marcel Silvius, Pete Smith, Penka 79 

Tsonkova, Guido van der Werf, and Chris Zganjar. 80 

Uncertainty ranges we derived from expert elicitation were expected to be skewed with respect to our 81 

maximum mitigation potential estimates – which we derived from published data. In two cases we extended 82 

the mean expert elicitation based uncertainty ranges to include key published estimates.  83 

We combined Ax and Fx uncertainties within pathways from each of the four methods options above to 84 

calculate overall inter-pathway uncertainty using IPCC Approach 2: Monte Carlo simulation. Applying the 85 

central limits theorem, we converted 95% confidence intervals to standard errors of the mean (SEM) by 86 

dividing by 1.96. Input parameter SEMs were used to define distributions used in Monte Carlo simulations 87 

((175), 100,000 iterations). The simulation randomly selected a single value from defined normal 88 

distributions, for each parameter and at each simulation, and passed values into the emissions equation to 89 

calculate uncertainty at the pathway and biome level. The mean of normal distributions for expert elicitation 90 

uncertainty values were not tied to our literature-based estimates of mitigation potential. 91 

 92 

Assigning cost-constrained mitigation levels 93 

We assumed that a maximum marginal cost of approximately 100 US dollars per Mg of carbon dioxide 94 

equivalent emitted per year (~100 USD MgCO2e-1) in 2030 would be required across all mitigation options 95 

(fossil fuel emissions reductions and NCS) to hold warming below 2°C (176). To calibrate natural pathway 96 

mitigation levels with a goal of holding warming below 2°C, we assessed which of three default mitigation 97 

levels – 30%, 60%, or 90% of maximum – captures mitigation costs up to but not more than ~100 USD 98 

MgCO2e-1 (Table S4).  99 

This ensures that the marginal (per unit) cost of emissions reductions from NCS does not exceed the 100 

marginal benefit of avoiding carbon emissions. The marginal benefit of emissions reductions is represented 101 

by estimates of the social cost of carbon, which is the value to society of the avoided marginal damage of 102 

CO2 emissions due to climate change and is obtained through welfare-maximizing emissions pricing models 103 

(177, 178). The social cost of carbon in 2030 is estimated to be 82-260 USD MgCO2e-1 to meet the 1.5-2°C 104 
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climate target(176). This estimate is based on an updated version of the Dynamic Integrated Climate-105 

Economy model to allow for endogenous capital and improved models of the damage from climate change. 106 

The exact value depends on the assumptions related to the convexity of the damage function, the discount 107 

rate and climate sensitivity parameter. The model does not allow for adjustments costs and hence is likely to 108 

underestimates the values. 109 

100 USD MgCO2e-1 is also in line with the 95th percentile of the estimated distribution from the White 110 

House (https://www.whitehouse.gov/sites/default/files/omb/inforeg/for-agencies/Social-Cost-of-Carbon-for-111 

RIA.pdf) and is consistent with the values used in other modelling studies (113, 179). Based on a 3% 112 

discount rate, the values reported in the White House reports in 2007 USD are 72.8 MgCO2
-1 and 100 113 

MgCO2
-1 for 2015 and 2030, respectively. This value represents a conservative estimate, as using a lower 114 

discount rate would result in a larger value. For simplicity and alignment with other parts of the analysis in 115 

this paper, we use the value 100 USD MgCO2e-1 for 2030.  116 

We assign low (30%), medium (60%), and high (90%) default cost-constrained mitigation levels, as a 117 

percentage of maximum levels, informed by marginal abatement cost (MAC) curve literature and the 100 118 

USD MgCO2e-1 cost threshold. Our assignment of these default levels reflects that the MAC literature does 119 

not yet enable a precise understanding of the complex and geographically variable range of costs and 120 

benefits associated with our 20 natural pathways (see Table S4 and section below for literature reviewed). 121 

Also, for some pathways we saw a need to adjust levels to consider barriers to implementation beyond costs. 122 

Mitigation level assignments for each pathway are discussed further below. 123 

We also assessed the proportion of NCS mitigation towards a <2°C outcome that could be achieved at 124 

low cost.  For this we used a marginal cost threshold of ~10 USD MgCO2e-1, which is consistent with the 125 

current cost of emission reductions efforts underway and current prices on existing carbon markets.  126 

We supplemented the authors’ knowledge of the literature by searching for MAC curves for each 127 

pathway using Google Scholar, including key words “supply curve” or “marginal abatement cost curve” in 128 

addition to the name of the pathway. In addition, we also searched for the studies citing the studies included 129 

in our database. Where global studies were not available, we searched for regional (e.g., country-specific) 130 

https://www.whitehouse.gov/sites/default/files/omb/inforeg/for-agencies/Social-Cost-of-Carbon-for-RIA.pdf
https://www.whitehouse.gov/sites/default/files/omb/inforeg/for-agencies/Social-Cost-of-Carbon-for-RIA.pdf
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studies and assumed a similar percentage of mitigation was available at the USD 100 and USD 10 price 131 

points in related geographies. If multiple curves were presented on a graph, we used the one matching the 132 

year 2030 and the maximum associated with a specific pathway. The list of studies included in our database 133 

is reported in Table S4. We converted all emissions units to TgCO2e and the marginal cost estimates to 2015 134 

USD, using US Consumer Price Calculator ((180), available at  https://data.bls.gov/cgi-135 

bin/cpicalc.pl?cost1=1&year1=199501&year2=200501). Where suitable MAC studies were not available, 136 

we relied on our expert opinion to judge probable costs of mitigation – and compared costs to the most 137 

similar pathways with MAC information. 138 

 139 

Projecting NCS contribution to climate mitigation through 2100 140 

We projected the potential contributions of NCS to overall CO2e mitigation action needed for a ‘likely’ 141 

(greater than 66%) chance of holding warming below 2°C (181) between 2016 and 2100. We compared this 142 

NCS scenario to a baseline scenario in which NCS are not implemented. In our NCS scenario, we assumed a 143 

linear ramp up period between 2016 and 2025 to our <2°C ambition mitigation levels reported in Tables S1 144 

and S4. During this period, we assumed fossil fuel emissions were also held constant, after which they 145 

would decline.  We assumed a maintenance of <2°C ambition NCS mitigation levels through 2060, allowing 146 

for gradual pathway saturation represented as a linear decline of natural pathway mitigation from 2060 to 147 

2090. We consider this a conservative assumption about overall NCS saturation given the time periods we 148 

estimate prior to saturation reported in Table S1. This scenario and the associated action on fossil fuel 149 

emissions reductions needed are represented in Fig. 2 through 2050. Scenario construction builds from 150 

(182), with model parameters derived from Meinshausen et al. (183). The proportion of CO2 mitigation 151 

provided by NCS according to the scenario described above is adjusted to a proportion of CO2e with the 152 

assumption that non-CO2 greenhouse gases are reduced at the same rate as CO2 for NCS and other sectors. 153 

 154 

 155 

 156 

https://data.bls.gov/cgi-bin/cpicalc.pl?cost1=1&year1=199501&year2=200501
https://data.bls.gov/cgi-bin/cpicalc.pl?cost1=1&year1=199501&year2=200501
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Characterizing Activities and Co-Benefits 157 

We identified mitigation activities and non-carbon ecosystem services associated with each of the 20 158 

natural pathways (Tables S5 and S7). We used a taxonomy of conservation actions developed by the 159 

International Union for Conservation of Nature (IUCN) and the Conservation Measure Partnership (168) to 160 

link pathways with a known set of conservation activities. The IUCN taxonomy does not identify activities 161 

that are specific to many of our pathways, so we list examples of more specific activities associated with 162 

each pathway (Table S7). Activities represent specific conservation, restoration, and improved land 163 

management actions that practitioners may take to avoid emissions and/or enhance sequestration.   164 

We considered four generalized types of ecosystem services (biodiversity, water, soil, air) that may be 165 

enhanced as a result of the implementation of natural pathways (Table S5). We identify types of ecosystem 166 

services as linked to a pathway in Fig. 1 and Table S5 only where one or more peer-reviewed publication 167 

confirms that the type of ecosystem service is enhanced by an additional pathway activity. For example, the 168 

existence of additional forest area – which is generated by avoided forest conversion and reforestation 169 

pathways – has been linked to improved air quality (125); however, our two forest management pathways 170 

(natural forest management, improved plantations) do not directly change forest area, so we did not identify 171 

a link between forestry management pathways and improved air quality. Such a link may exist, but we were 172 

unable to identify a peer-reviewed publication demonstrating it.  173 

We define biodiversity benefits as any increases in alpha, beta, and/or gamma diversity as is described 174 

in the Convention on Biological Diversity (184). Water ecosystem benefits include water regulation, water 175 

purification, and storm protection as defined in the Millennium Ecosystem Assessment (185).  Soil benefits 176 

are characterized by improvement in metrics of soil quality that enhance productivity, maintain nutrient 177 

cycling, and improve plant growth (186) as well as the improved potential food provision and reduced soil 178 

erosion services described in the Millennium Ecosystem Assessment (185). We define air benefits as the 179 

"air quality regulation" ecosystem service described in the Millennium Ecosystem Assessment (185). 180 

 181 

 182 
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The following are pathway-specific methods:  183 

Avoided Forest Conversion  184 

Our estimates for avoided forest conversion extent and flux per ha were derived from a recent 185 

University of Maryland (UMD) study of carbon loss in natural and managed tropical forests (1). Other 186 

studies either rely on inconsistent source data (187, 188) from the Forests Resources Assessment (189–192); 187 

coarse, time-limited forest loss data convolved with coarser, spatially incongruent pixel-based biomass maps 188 

(193); or a limited sample-based estimate of forest loss (194). The UMD authors also employ a “stratify and 189 

multiply” approach to biomass mapping (195) that uses 9 million GLAS shots biomass measurements from 190 

Baccini et al. (190), providing the most consistent assessment of forest loss emissions to date (196). Further, 191 

the differentiation between natural and managed forests in the UMD product (1) holds the advantage of 192 

allowing us to treat subsistence agriculture differently, and avoid double-counting with forest management 193 

pathways, as described below. While datasets, like the UMD product, that rely on optical sensors for activity 194 

data are limited by cloud cover, an independent accuracy assessment (173) found that the UMD product 195 

performed well, and better than alternatives, in an aseasonal region of Indonesia with heavy cloud cover. 196 

In defining the boundaries of forest loss, we relied on the UMD definition of “forest” (>25% tree 197 

cover), and their tropical/subtropical study area (Fig. S5). The omission of boreal forests is justified by 198 

research on the countervailing effect of albedo warming (197), but large portions of temperate and 199 

subtropical zones remain un-accounted for. Few reliable, large-scale studies quantify deforestation 200 

emissions in these zones. Nevertheless, we believe the opportunity for avoided forest loss mitigation in 201 

these areas is much smaller than in the UMD study area, because carbon stocks are significantly lower 202 

(198), the ratio of regrowth to loss is much higher (0.57 versus 0.22), and a higher proportion of loss does 203 

not reflect conversion to other land uses (i.e. natural disturbance such as boreal wildfires and forestry 204 

activities). Tyukavina et al. include non-anthropogenic forest loss (hurricanes, storms, wildfire) in their 205 

analysis, but in the tropical regions assessed, the influence of these drivers is likely de minimis (199). 206 

 207 

 208 
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 209 

 210 
Fig. S5. Extent of historic forest loss captured by Tyukavina et al. (1) inform our Avoided Forest Conversion pathway – thus 211 

limited primarily to tropical and subtropical climate zones, as defined by FAO (57). 212 

 213 

To calculate the area of avoided loss we assume a constant rate of forest loss through 2030, based on an 214 

historical baseline of 5.9 Mha yr-1 drawn from the UMD sample-based estimate of natural forest loss 2000-215 

2012, after removing forested wetlands (see below). Our mean historic baseline approach here and for other 216 

pathways is consistent with research finding that more sophisticated approaches tend to generate inflated 217 

outcomes (200), and with international accounting frameworks that prefer or require historic mean baselines 218 

(201). Our exclusion of nationally determined contributions (NDC’s) from our baseline scenario is aligned 219 

with “no policy baseline” scenarios being used for integrated assessment models (202). UMD defines 220 

natural forest loss as occurring in “forests cleared for the first time in recent history.” The inverse, termed 221 

“managed forest loss” by UMD, occurs on “forest plantations, agroforestry systems and areas of subsistence 222 

farming due to shifting cultivation practices.” UMD’s estimate is an improvement upon a previous UMD 223 

study (6) because it utilizes an extensive validation sample of 3000 forest loss pixels stratified across 224 

continents and forest cover strata, following a remote sensing validation procedure outlined in Olofsson et 225 

al. (203). We use UMD’s estimate of natural unmanaged forest loss to exclude forest loss from plantation 226 

forestry – a source of controversy in previous forest loss assessments (6, 204–206). 227 
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To calculate forest loss emissions, we adjust UMD’s gross above- and below-ground natural forest loss 228 

emissions estimate (750 Tg yr-1) by accounting for elemental charcoal carbon and wood product carbon 229 

retention, overlap with forested wetlands, and soil emissions. We assume that – in conjunction with the 230 

deforestation process – 2.0% of initial biomass is stored in long-term charcoal, and 2.4% is stored in long 231 

term wood products (2). To prevent double counting with the avoided wetland loss pathway, we further 232 

deduct historic mangrove and forested peatland loss from UMD’s area and carbon loss estimates (65, 73, 233 

207, 208). We take a committed emissions approach (209) to assume 100% loss of carbon from the 234 

remaining “slash” biomass pool, a reasonable assumption for tropical forests given a 20 year time horizon, 235 

since even a conservative 0.3 yr-1 decay constant results in >99% decay within 15 years (2, 210). We 236 

assume 54% of natural forest lost is converted to commercial agriculture (4), resulting in an additional 13 237 

Mg ha-1 of  soil carbon emissions from tilling (3). This is a conservative estimate compared to other meta-238 

analyses (211). 239 

We estimate that an additional 314 TgC are emitted every year as a result of subsistence agriculture in 240 

the tropics, based on UMD’s estimates of the loss of managed forest (1), and an assessment of the 241 

proportion of this loss attributable to subsistence agriculture (4). Using data from Hansen et al. (6) and a 242 

stratified random sample of 3000 loss pixels, UMD calculate 5.3 Mha yr-1 of managed forest loss, including 243 

plantation forestry and subsistence agriculture. A pan-tropical assessment of deforestation drivers (4) 244 

estimates that 32% of deforestation is a result of subsistence agriculture, translating to 26% of all forest loss 245 

(3.0 Mha), given that the authors do not account for plantation forestry in their definition of deforestation. 246 

UMD calculates 553 Tg yr-1 of carbon emissions resulting from managed forest loss, or 105 Mg ha-1. 247 

Applying a 2% deduction for charcoal storage after burning (2), the total historic flux from subsistence 248 

agriculture is 314 TgC yr-1 or 103 MgC ha-1. 249 

Recent research suggests that standing forests provide an additional sequestration benefit between 1.3 250 

and 2.6 PgC yr-1 not accounted for in traditional avoided forest loss estimates (192, 212–214). There is 251 

disagreement about the nature and magnitude of this carbon sink, and how it will respond to future changes 252 

in atmospheric CO2 levels, water availability, seasonality, weather, and pests/pathogens (215–221). Based 253 
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on our estimated natural forest loss conversion rate, this carbon sink could provide an additional 3.4 – 8.8 254 

TgC yr-1, but we exclude this from our maximum mitigation estimate until more conclusive evidence is 255 

available, such as from NASA’s Orbiting Carbon Observatory-2 (222), available at http://oco.jpl.nasa.gov/. 256 

Mapping Country-Level Mitigation 257 

We were unable to map avoided forest conversion maximum mitigation to individual countries because 258 

Tyukavina et al. assess managed and natural forest loss at regional levels only (1). We mapped pan-tropical 259 

maximum additional mitigation potential reported here into regions using the proportion of natural forest 260 

above-ground and below-ground carbon loss for each region reported by Tyukavina et al. (1). 261 

Uncertainty 262 

Reported uncertainty from the UMD dataset is low, based on a large sample-based estimate of forest 263 

loss extent (±11%), carbon stock variability, and quantified GLAS model error. Flux uncertainty is 264 

approximated by UMD as a function of natural intra-stratum variation in carbon stocks (±5.0%). However, 265 

this uncertainty estimate does not account for field measurement error (including wood density), tree 266 

allometry error, or error in the model to predict biomass from the GLAS LIDAR sensor analysis (190) – 267 

reported by UMD as ±22.6 Mg ha-1, or ±5.5%, but not incorporated into their model. We therefore follow 268 

option 1 uncertainty method and propagate this error together with errors from wood product/charcoal 269 

(assumed “high” or ±75%), and soil at ±38% (3) to achieve an estimated flux uncertainty of ±12%.  270 

To check this uncertainty estimate against the literature, we compared UMD’s reported pan-tropical 271 

above- and below-ground forest carbon loss (3.7 PgCO2 yr-1) to four recent estimates from the literature 272 

(Table S8). All estimates are within 18% of the mean, providing further justification for our combined area-273 

flux uncertainty estimate of 17%. 274 

 275 

 276 

 277 

 278 

 279 

http://oco.jpl.nasa.gov/
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 280 

Table S8. Comparison of recent pan-tropical studies of gross forest loss emissions. 281 

Study 

Gross 
Deforestation 
Emissions 
(PgCO2e yr-1) 

Tyukavina et al. 2015 (1)                            3.7  
Harris et al. 2012 (193)                            3.0  
Baccini et al. 2012 (190)                            4.2  
Houghton et al. 2013 (189)                            3.5  
Achard et al. 2014 (194)                            3.2  
Mean                            3.5  
95% CI 0.41 (12%) 

 282 

Mitigation Targets 283 

We estimated our <2°C and low cost mitigation targets for avoided “natural” forest loss based on two 284 

global marginal abatement cost curves relevant to this pathway (113, 114). These sources are also consistent 285 

with values reported by the IPCC (116). 286 

Our <2°C target of 90% of maximum potential avoided forest conversion is closely aligned with, the 287 

UN Declaration on Forest agreement “to end natural forest loss by 2030” (223), and the UNFCCC Paris 288 

Agreement “to conserve and enhance…sinks and reservoirs of greenhouse gases…including forests” (224). 289 

Following (225), we allocate the remaining 10% of forest loss to low-carbon density land (56 Mg ha-1, when 290 

accounting for below-ground biomass, charcoal, wood product storage, and soil carbon). 291 

We set a lower cost-effective mitigation potential (60%) for avoided subsistence agriculture than 292 

indicated for other drivers of forest conversion in the cost curve literature (113, 114) given the complex 293 

challenges involved with achieving socially and culturally responsible and sustainable changes in 294 

subsistence agricultural practices.   295 

For example, despite MAC curve information indicating that the Avoided Forest Conversion pathway 296 

can be implemented at ~90% (see Table S4), we do not believe the available literature has sufficiently 297 

considered implementation barriers to avoiding forest conversion driven by subsistence agriculture. 298 

 299 
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Reforestation 300 

We define reforestation as conversion from non-forest (< 25% tree cover) to forest (> 25% tree cover 301 

(6)) in areas ecologically appropriate and desirable for forests. We exclude afforestation (the growth of 302 

forests in non-forest biomes) from our analysis to avoid adverse impacts to biodiversity (226, 227). Our 303 

exclusion of croplands from reforestation while assuming that all grazing lands in forested ecoregions can 304 

be reforested is consistent with recent analyses finding a variety of options for improving the efficiency of 305 

livestock production and/or diet change (228, 229). 306 

To calculate the extent of reforestation potential, we modify a 1 km resolution map from the Atlas of 307 

Forest Landscape Restoration Opportunities (FLRO) (82). This map uses ecoregional data and bioclimatic 308 

modeling of the following criteria to identify areas with opportunities for forest landscape restoration: 309 

potential forest cover (230, 231) minus existing forests (232) minus areas incompatible with returning to 310 

forests (233–235). The potential forest cover map combined data on climate, soils, elevation, current and 311 

historical forest extent, and potential forest composition and density (5, 40, 231, 236, 237). The existing 312 

forest map was derived from MODIS 250m data from 2000 to 2009, which maps forest extent, and MODIS 313 

vegetation continuous fields data, which maps tree canopy density (232, 238). We excluded areas 314 

incompatible with returning to forests, included locations with dense rural population (>100 person km-2), 315 

agricultural and other intensively used areas (233, 235, 239). Note that the FLRO map classifies forests as 316 

either closed forest (canopy density >45%), open forest (canopy density between 25-45%), and woodlands 317 

(canopy density between 10-25%). 318 

We applied additional spatially explicit filters to avoid double-counting among pathways, avoid 319 

overlap with wetlands, exclude boreal ecoregions, remove native non-forest ecosystems, and improve 320 

estimates of additionality as follows: 321 

• Deductions to avoid double-counting with forest management pathways: To adjust the 322 

estimated restoration opportunity area to our definition of reforestation opportunities (where 323 

non-forests can be converted to forests >25% tree cover), we removed (i) areas identified by 324 

FLRO based on Olson ecoregions (231) as having potential forest cover with <25% tree canopy 325 
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cover, and (ii) Hansen pixels (6) identifying existing forest cover >25% tree canopy cover. This 326 

modification avoids double-counting between reforestation and other forest restoration 327 

pathways (e.g. natural forest management), and reduces the substantial remote sensing error 328 

associated with more subtle changes in vegetation in forests remaining forests and non-forests 329 

remaining non-forests (240). 330 

• Boreal albedo exclusion: We excluded boreal forest ecoregions (10%) given biophysical effects 331 

of forest cover that may offset carbon sequestration (i.e. albedo warming (197)).  332 

• Biodiversity safeguard: To avoid negative impacts to biodiversity, we excluded areas in grassy 333 

biomes where forests naturally transition to grassland and savannah ecosystems. As indicated in 334 

the literature (241, 242) , the potential vegetation cover data used by the FLRO map (231) does 335 

not accurately delimit grass-dominated ecosystems. We make use of a new study (NESCent 336 

grasslands working group, unpublished) to map the extent of grassy biomes globally, which 337 

excludes 47% of the 2.5 Gha FLRO area identified by WRI.  338 

• Baseline adjustment: To account for baseline reforestation between the FLRO base year 2000 339 

and present, we apply the mean forest “gain” rate for 2000-2012 from the UMD dataset (6) to 340 

the intervening period. To appropriately account for additionality, we use the same rate to 341 

exclude baseline reforestation during the 2016-2030 period.  342 

We also applied a non-spatial deduction to eliminate double counting: we deducted the unmapped area 343 

of forested peatlands and mangrove forests (66, 73, 76, 77) (see wetland restoration methods below). We 344 

note that our definition of agroforestry in this analysis (use of trees in cropping systems where tree cover 345 

<25%), excludes agroforestry interventions as defined here from the reforestation pathway, thereby 346 

eliminating double-counting. We assumed that potential reforestation areas do not compete with future areas 347 

of cropland expansion, as croplands were already excluded from the FLRO map, and we assume that the 348 

current extent of agricultural land can effectively feed projected future populations ((191) “yield growth” 349 

scenario). 350 
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To calculate rates of forest carbon sequestration, we conducted a literature review of plantation and 351 

natural forest growth studies in different climate domains (Table S9). Our analysis indicates that the 352 

majority of potential reforestation area is located in the tropics (70%), where growth rates are higher, 353 

thereby representing an even greater proportion of the mitigation potential (79%).  354 

Table S9. Summary of maximum potential extent and sequestration rates for reforestation pathway. We 355 
used current plantation extent (11) to estimate the proportion of future reforestation allocated to plantations. 356 
Growth rates include aboveground biomass (sources listed), belowground biomass (9), and soil organic 357 
carbon sequestration (tropical forest only, (3)). 358 

Climate 
Domain 
(57) 

WRI 2014 
Estimate: 
Potential 
Reforestation 
Area (Mha) 

This study:  
Max Extent 
Potential 
Reforestation 
Area (Mha) 

Natural 
Forest 
Growth 
Rate 
(MgC  
ha-1 yr-1) 

Plantation 
Forest 
Growth 
Rate  
(MgC ha-1 
yr-1) 

Percent of 
regrowth 
allocated to 
plantations 
(11) 
 

Literature 
Sources 

Boreal 238 0 0 0 NA Albedo offset 
(197) 

Temperate 403  206 2.0 5.8 22% (3, 7, 8) 
Tropical 1,849 472 4.8 6.2 4% (10) 
Total  2,489 678 4.0 6.1 7%  
 

We eliminate double-counting of mitigation potential with grazing pathways as follows. We calculate 359 

the proportion of lands with mitigation potential from improved grazing and sowing legumes (56) that 360 

overlap our reforestation map (13% and 15%, respectively). We deduct the corresponding mitigation 361 

potential from our reforestation maximum (158 TgCO2e), representing a 1.5 % deduction.  362 

We assessed the requirements for reforestation to deliver additional global wood yield in order to make 363 

up for lack of wood yield from natural forests under maximum implementation of the natural forest 364 

pathway.  We estimate 2.2 billion m3 of wood (woodfuel and industrial roundwood) provided by natural 365 

production forests would need to be generated instead from new forests associated with the reforestation 366 

pathway. This could be generated if 144 million hectares of the maximum reforestation area (= 21% of 678 367 

M ha) was in the form of plantations with the mean growth rate of 6.1 MgC ha-1 yr-1 (see Table S9 for 368 

sources). Given mean harvest rotation length of 45 years for commercial plantations, the additional 369 

sequestration in new plantations would saturate after about two decades (see Table S1). The saturation 370 
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period would be much longer for the majority of reforestation from which commercial timber harvest would 371 

not be necessary.   372 

For the purposes of calculating maximum reforestation mitigation potential, we assumed no change in 373 

the proportion of forest cover in the form of commercial plantations (7%). This avoids assumptions about 374 

controversial implications of intensification of the forestry sector, and it results in a conservative 375 

reforestation mitigation potential estimate, since natural regeneration sequestration rates are lower than in 376 

commercial plantations. Once we arrive at feasible levels of reforestation mitigation (30% of maximum), it 377 

is not necessary for more than 7% of additional reforestation area to be in the form of plantations. For 378 

example, a proportion of the natural forest management pathway, given 60% mitigation at <2C° ambition, 379 

could be delivered through reduced impact logging practices that do not involve reductions in wood yields 380 

from natural forests. 381 

Mapping Country-Level Mitigation 382 

To map reforestation mitigation potential, we combined country-level estimates of extent and flux per 383 

ha. We calculated country-level estimates of reforestation extent by deducting background gain reported in 384 

(6) (excluding boreal areas) from the area of purple pixels displayed in Fig. S1A. We calculated country-385 

level mean flux using the natural and plantation forest growth rates reported in Table S9 and country-level 386 

percent of regrowth allocated to plantations from the Forest Resources Assessment (FRA) (11).  387 

Uncertainty 388 

Following uncertainty option 3, we reviewed five estimates of reforestation mitigation potential from 389 

the literature (116, 179, 182, 243, 244) to assign 66% extent uncertainty and 32% flux per ha uncertainty. 390 

Mitigation Targets 391 

We set the <2°C target at 30%, or 1.2 PgC yr-1. This corresponds to approximately 200 Mha of 392 

implementation area. This level of mitigation exceeds 100 USD MgCO2
-1

 according to an analysis of the 393 

marginal abatement cost of reforestation with commercial plantations (115). However, we assigned a 30% 394 

mitigation level considering that large extents of reforestation could be achieved at lower costs by halting 395 
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intentional burning of marginal grazing lands in places like the Amazon basin to allow natural forest 396 

regeneration (245).  397 

The Bonn Challenge and United Nations New York Declaration on Forests (223) commit to restore at 398 

least 350 Mha of “degraded landscapes and forestlands” by 2030. Because this target area includes 399 

silviculture, agroforestry, improved fallow, and mangrove restoration strategies in addition to the tree 400 

planting, watershed protection, and assisted natural regrowth included in our definition of reforestation, its 401 

restoration implementation area is more expansive, and our 275 Mha is therefore on par with the target. A 402 

review of 28 country reforestation pledges indicates that 61% of the committed area (213 Mha) falls within 403 

our definition of reforestation (246). 404 

 405 

Natural Forest Management 406 

This pathway involves improved forest management practices in native forests under timber 407 

production. This pathway applies to naturally-regenerated forests designated for production or multiple-use 408 

as defined by the Food and Agriculture Organization of the United Nations Global Forest Resources 409 

Assessments (FAO GFRA) 2015 (11). Planted forests under intensive even-aged management are excluded 410 

to avoid double counting with the Improved Plantations pathway. We estimate the maximum mitigation 411 

potential under a scenario where timber harvests are halted during this century across all native forests 412 

currently under timber production. It is assumed that lost wood production is made up by a combination of 413 

increased yields from the Improved Plantations pathway, and commercial harvest from a portion of the 414 

Reforestation pathway.  Feasible mitigation potential levels may involve any number of improved 415 

management practices that may continue timber production (e.g. reduced-impact logging, extended harvest 416 

rotations, liana cutting).  417 

The FAO GFRA are the only global datasets on native forest production forest areas. The total area 418 

under consideration is 1,914 Mha as of 2015, of which 545 million ha occurs in tropical and sub-tropical 419 

climate domains, and 1,369 Mha occurs in temperate and boreal climate domains (11, 83). This naturally 420 
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regenerating production forest area is assumed to be constant between now and our reference baseline year 421 

of 2030.  422 

On average, we estimate that the effective mean net additional carbon sequestration rate across all 423 

current production forests during the next 50 years is 0.39 MgC ha-1 yr-1 for tropical forests and 0.14 MgC 424 

ha-1 yr-1 for temperate and boreal forests, based on the following literature-based assumptions. We assume 425 

no change in soil carbon. In determining sequestration rates associated with age of stands or age-classes, we 426 

assume that the average business as usual cutting cycle is 30 years in tropical forests and 50 years in 427 

temperate and boreal forests.  We assume that selectively-logged tropical forests maintain stock levels on 428 

average 76% of those of never-logged primary forest, and that on average cutting cycles must be extended 429 

by 75 years for complete recovery of original stocking levels (16). Global tropical average initial above- and 430 

belowground stocks in natural production forests are estimated to be 126.5 MgC ha-1 (1), and global average 431 

“fully recovered” stocks are assumed to be 166.4 MgC ha-1 (= 126.5 MgC ha-1 * 1 / 76%). 432 

This rate is derived assuming that forests subject to logging maintain ~50% of stock levels of old-433 

growth forest, and that old-growth stock levels require several hundred years to recover (12–14). Global 434 

temperate average initial above- and belowground stocks in natural production forests are estimated to be 435 

49.4 MgC ha-1 (11, 83), and global average “fully recovered” stocks are assumed to be 98.8 MgC ha-1.  436 

We note that the sequestration rates we derived above, 0.39 to 0.14 MgC ha-1 yr-1, are low compared to 437 

growth rates from site-specific post-logging studies we reviewed (173, 247–250), most of which estimate re-438 

growth rates within the first 10-20 years following harvest. In large part, the low rates we derived result 439 

from an assumed length of the full recovery period (from 75 to 200 years) and the application of a constant 440 

growth rate over that period. Hence, our maximum mitigation potential estimates can be considered 441 

conservative with respect to an initial 50-year period of halting global timber harvests within natural 442 

production forests. On the other hand, with only 0.6% annual average removals (= 3 * 109 m3 global 443 

removals in 2011 / 431 * 109 m3 global growing stock in 2015; (11)) vast areas of global natural production 444 

forests have not been subject to recent harvest, so until new studies are available on the landscape-scale 445 



Page 54 
 

growth rate of forests older than 30 to 50 years, we believe it is best assumed that global natural production 446 

forest area is growing at slow rates typical of stands approaching mature, uneven-aged conditions. 447 

Mapping Country-Level Mitigation 448 

To map natural forest management at the country scale, we removed plantation forest extent from 449 

country-level estimates of natural forest management extent by regionally allocating proportional 450 

deductions of intensively managed plantation forest areas (251) from the sum of FRA production and multi-451 

use forest area (11). We calculated maximum mitigation by multiplying these extents by the tropical and 452 

temperate/boreal sequestration rates reported in Table S1. 453 

Uncertainty 454 

Available published data did not permit options 1-3 described above for empirical estimation of 455 

uncertainty, so we employed expert elicitation (N = 4 experts elicited) to estimate the uncertainty of (i) the 456 

extent of naturally regenerating production forests, and (ii) growth rates of forest stands that have aged 457 

beyond business-as-usual harvest cycles. 458 

Mitigation Targets 459 

Our mitigation targets are based on reported marginal abatement costs (60, 116). While these studies 460 

present global estimates of the impact of modifications to intensive and extensive forest management, they 461 

do not distinguish between natural and plantation forests. Our low cost mitigation target (30%) is also 462 

informed by studies indicating that at least one practice included in this pathway, reduced-impact logging, is 463 

reported to have low or negative costs (252). 464 

 465 

Improved Plantations 466 

This pathway involves extending harvest rotation lengths on intensively managed production forests 467 

(i.e. plantations) subject to even-aged stand management. Unlike the Natural Forest Management pathway, 468 

we constrain the Improved Plantations to increases in carbon stocks associated with maximizing wood 469 

volume yields. We assume baseline rotation lengths are at the economic optimum, which is generally 470 

shorter than the optimum rotation for wood yield (biological optimum). In contrast to the biological 471 
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optimum based simply on the optimization of the tree species growth function, the economic optimum 472 

balances discounted costs with discounted stream of revenues from timber production, given a tree species 473 

growth function (84). In our modeling exercise, we set the target extended rotation length based on the 474 

biological optimum, i.e. the point that maximizes the Mean Annual Increment (MAI) for timber. Shifting 475 

rotations from an economic to a biological optimum will increase timber volumes harvested from stands in 476 

the long run, as the biological optimum rotation length yields the highest mean annual productivity. 477 

The extent of this pathway is limited to “planted forests” as defined by the FAO GFRA, which includes 478 

plantations and semi-natural planted forests, and should encompass the majority of intensively-managed 479 

even-aged production forests worldwide. These planted forests occupied ~ 7% of the estimated global forest 480 

area in 2015. We source data from the most recent FAO GFRA and from a detailed global thematic study on 481 

planted forests carried out by FAO in 2006 (86, 251), hereafter referred to as “thematic study.” The thematic 482 

study provided data on rotation lengths, MAI, ownership and other parameters incorporated in our analysis, 483 

derived from a sample of 61 countries representing 95% of the 2005 planted forest land base. 484 

This pathway is constrained to the subset of planted forests managed for timber. This subset does not 485 

include small-scale planted forest with end uses for bioenergy or non-timber forest products. We estimated 486 

the proportion of planted forest managed for timber based on the 2006 thematic study. 487 

We derived area data on planted forests from the 2015 GFRA and projected it forward to 2030 (Table 488 

S10) assuming a constant rate of increase in planted forest area of 3 million ha per year (rate 2010-2015; 489 

GFRA 2015). After 2030, we do not consider further expansion of planted forest area. This is a conservative 490 

assumption, given anticipated continuing trends of increasing plantation forest area. Plantation forest area 491 

has been increasing globally in recent decades at around 2% per year (253). 492 

 493 

 494 

 495 

 496 

 497 



Page 56 
 

Table S10. Area of planted forests from GFRA 2015.   498 

 Total planted 
ha 2015 

Estimated 
productive 

planted  
ha 2015 

Projected 
productive 
planted ha 

2030 
Africa          

16,000,000  
              

12,766,141  
          

14,753,948  
Asia        

129,000,000  
              

84,223,754  
          

97,338,180  
Europe          

82,000,000  
              

65,366,375  
          

75,544,531  
N and C America          

43,000,000  
              

41,237,074  
          

47,658,072  
Oceania             

4,000,000  
                 

3,966,882  
            

4,584,563  
S America          

15,000,000  
              

14,929,998  
          

17,254,739  
  Global total 257,134,032 

 499 
We calculated the ratio of biological optimum rotation age: economic optimum rotation age to be 1.45. This 500 

was calculated using a generalized Chapman Richards form yield curve and assuming a global average 501 

discount rate of 8% (85). 502 

All existing rotations were increased by a factor of 1.45, to produce the new (extended) rotation regime 503 

scenarios. In both business-as-usual and extended rotation scenarios, the total long-term average stock of 504 

above- and belowground biomass carbon in MgCO2e was calculated for each rotation length class as: 505 

Area (ha) * MAI (m3 ha-1 yr-1) * midpoint of rotation length (yrs) * BCEF (Mg AGBm-3) * 0.47 506 

(carbon fraction) * (44/12) * (1+ R:S ratio) 507 

A single biomass conversion and expansion factor (BCEF) for temperate pines (17) was applied in all 508 

calculations, which we consider reasonably appropriate in the context of global planted production forests, 509 

where most above ground biomass (AGB) is contained in stem wood. Similarly justified, root:shoot (R:S) 510 

ratios for temperate conifers (17) were applied in all calculations. Our analysis is focused on difference in 511 

stocks, rather than absolute magnitude of stocks, such that any bias introduced should have limited 512 

influence. We employ the minimum values of rotation length and MAI reported in the thematic study (251), 513 

which for rotation length should align with revenue-driven management of planted forests under productive 514 

use considered here, and for MAI should produce conservative estimates of growth and yield. 515 
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For the extended rotation scenarios, MAI of the original rotation regime is applied through the length 516 

of the new extended rotation (a conservative assumption). The derived long-term average stock estimate 517 

further assumes constant productivity across rotations (i.e. no increases in productivity due to introduction 518 

of new technologies or improved genetic material, or decrease due to soil degradation). Our estimates ignore 519 

net emissions from harvests, which are not expected to significantly differ between the two scenarios. We 520 

also conservatively ignore carbon stored in wood products, which can be expected to be slightly higher in 521 

the extended rotation scenario due to higher MAI. We assume the same end wood products are generated in 522 

both scenarios, i.e. no change in market demand is assumed. 523 

Using these methods, we estimate that the potential benefit of extended rotations globally is 27.0 524 

PgCO2e, which is the estimated difference in long-term average stocks between the two scenarios assessed. 525 

To interpret this value as a rate, we assume that the time to transition the global landscape to the new long-526 

term average stocking state is equal to the length of the new (extended rotation) in years, for each rotation 527 

length class. This is the shortest possible timeframe to transition all age cohorts across a landscape. For the 528 

2030-2045 assessment timeframe, we estimate an unconstrained maximum biophysical potential benefit of 529 

extended rotations of 0.443 PgCO2e per year, sequestered as additional long-term average stocks in 530 

plantation forests worldwide. 531 

Mapping Country-Level Mitigation 532 

We mapped improved plantations maximum mitigation by multiplying FAO estimates of intensively 533 

managed plantation forest extent at continental scales (251) times the sequestration rate of 0.47 MgC ha-1 yr-534 

1 reported above.  535 

Uncertainty 536 

Available published data did not permit options 1-3 described above for empirical estimation of 537 

uncertainty, so we employed expert elicitation (N = 4 experts elicited) to estimate the uncertainty of (i) the 538 

extent of naturally regenerating production forests, and (ii) growth rates of forest stands that have aged 539 

beyond business-as-usual harvest cycles. 540 

Mitigation Targets 541 
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We assigned the same mitigation target for <2°C ambition as the natural forest management pathway, 542 

while noting that the marginal abatement curve sources (60, 116) are less directly applicable. We assigned 543 

0% low cost mitigation opportunities, anticipating that low cost mitigation opportunities for improved 544 

plantations will be more limited than for natural forest management, given that additional mitigation 545 

requires a shift away from economic optimum harvest rotations. 546 

 547 

Fire Management 548 

This pathway integrates three spatially discrete and distinct forms of fire management (i) prescribed 549 

fires applied to fire-prone temperate forests to reduce the likelihood of more intense wildfires, and (ii) fire 550 

control practices (e.g. fire breaks) applied in moist and wet tropical forests to avoid understory fires that 551 

enter at edges with lands converted to non-forest cover types (primarily pasture maintained with fire), and 552 

(iii) use of early season fires in savanna ecosystems to avoid higher emissions late season fires.   553 

Our estimate of the maximum mitigation potential for temperate forests is drawn as the sum of 554 

estimates from two studies that modelled carbon benefits from prescribed burns. One study modelled 555 

mitigation potential of prescribed burns across 26.3 million ha of fire prone coniferous forests of the western 556 

United States (88). The other study modelled mitigation potential of prescribed burns across a variety of 557 

forest types across Balkan, Western European, Eastern European, Scandinavian, and Mediterranean 558 

countries – but not Russia (89). These studies report baseline wildfire emissions about four times higher 559 

than the potential avoided emissions from prescribed burning treatments. This reflects that (i) prescribed 560 

burns generate their own, albeit lower, emissions, and (ii) prescribed burns reduce but do not eliminate the 561 

likelihood of wildfires. 562 

Our estimate for avoiding tropical forest degradation by escaped fires was drawn from Alencar et al. 563 

for the Brazilian Amazon (20). Given the occurrence of an El Niño Southern Oscillation (ENSO) year 564 

during Alencar et al.’s estimates, we deducted from their mean annual reported emissions by assuming a 565 

seven year ENSO return rate. Note that we only included understory degradation fires accounted for by 566 

Alencar et al., since more intense fires associated with deforestation would be double-counting with our 567 
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Avoided Forest Conversion pathway. We limited the maximum extent of improved fire management to the 568 

areas covered by each of these studies, as we are unaware of a credible basis for extrapolating these studies.   569 

Our estimate for reducing emissions through improved savanna fire management was drawn from a 570 

study of potential global savanna fire emissions reductions if indigenous fire management methods from 571 

northern Australia were applied more broadly, particularly in Africa (21). This study drew on a global 572 

estimate of savanna fire emissions (22). 573 

Uncertainty 574 

Available published data did not permit options 1-3 described above for empirical estimation of 575 

uncertainty, so we employed expert elicitation (N = 3 experts elicited). Uncertainty in estimated savanna fire 576 

emissions reductions is based on a reported range (21) adjusted to approximate 95% confidence intervals 577 

based on expert elicitation methods described above. We used reported 95% confidence intervals (20) for 578 

uncertainty of avoided understory fires in the Brazilian Amazon.  579 

Mitigation Targets 580 

We are unaware of available literature on marginal abatement cost curves applicable to this pathway.  581 

We assumed this is a relatively expensive pathway in the context of other forest pathways and based on 582 

conversations with practitioners. We assigned 30% mitigation at ~100 USD MgCO2
-1 and 0% mitigation at 583 

~10 USD MgCO2
-1. 584 

 585 

Avoided Woodfuel Harvest 586 

Our maximum mitigation potential for avoided woodfuel harvest was drawn from a recent 587 

comprehensive analysis of global unsustainable woodfuel harvest levels (23). This analysis estimates 300 588 

TgCe yr-1 woodfuel emissions for the year 2009, but qualifies that approximately 32% of these emissions 589 

originate from land cover change byproducts. We omit this proportion of baseline emissions from our 590 

analysis to avoid double counting with other avoided forest loss pathways, and follow their assumption that 591 

improved cookstoves can reduce carbon emissions by 49% (Scenario 2), resulting in an overall maximum 592 

mitigation potential of 100 TgCe yr-1. 593 



Page 60 
 

Uncertainty 594 

Following uncertainty option 1, we calculate 11% uncertainty of maximum woodfuel mitigation 595 

potential, based on propagation of 9% uncertainty in baseline woodfuel emissions, 6% uncertainty in land 596 

cover change overlap, and 3% uncertainty in cookstove efficiency as report in (23).  597 

Mitigation Targets 598 

We are unaware of available literature on marginal abatement cost curves applicable to this pathway. 599 

We assumed this is a relatively expensive pathway in the context of other forest pathways and based on 600 

conversations with practitioners and assigned a 30% mitigation at ~100 USD MgCO2
-1 and 0% mitigation at 601 

~10 USD MgCO2
-1. 602 

 603 

Avoided Grassland Conversion 604 

Grasslands here include temperate grasslands, tropical savannahs, and shrublands. We focus on 605 

conversion of grasslands to cropland, as the carbon emission implications of the conversion to other habitat 606 

types are unclear. Using satellite observations of land cover from the DIScover (1km resolution) (254), 607 

Ramankuty et al. (24) modelled the historical area of croplands globally. Combined with the BOIME3 608 

dataset showing the potential vegetation in the “absence of human activity” (255), Ramankuty et al. were 609 

able to estimate the area of land conversion driven by the expansion of cropland in different habitat types.  610 

They found a global grassland conversion rate of 1.7 Mha yr-1 based on the area lost between 1980 and 1990 611 

(24) (Table S11).    612 

Table S11. Global grassland conversion rates and carbon stocks 613 

Grassland 
Type 

Conversion 
rate  

Carbon 
Stocks 

C deduction 
from 
cultivation 

Committed 
emissions  

Maximum 
potential 

Mha yr-1  MgC ha-1   % MgC ha-1  TgC  
(0-30cm 
depth) 

     

Temperate 0.7 61.4 30 18.4 12.9 
Tropical 1.0 62.7 30 18.8 18.8 
Total (Mean) 1.7 (62.2) (30) (18.65) 32 

 614 
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We considered soil carbon losses in the 0-30cm soil depth, where carbon losses are greatest and best 615 

measured (26). The percent loss of carbon in the top 30cm of grassland soils upon conversion to agriculture 616 

is generally between 20 and 40 percent (26, 256–258). We assumed committed soil carbon losses of 30% 617 

from the 0-30cm horizon upon grassland conversion to tilled agricultural land (26).  618 

We use findings from Jobbagy (25) to estimate the soil carbon pool in the top 30 cm. They estimate a 619 

carbon pool of 68.4 MgC ha-1 and 62.7 MgC ha-1 for temperate and tropical grasslands, respectively. Their 620 

analysis is based on a synthesis of a global database of >2700 studies, with 121 studies in temperate 621 

grasslands and 35 studies in tropical grasslands. Based on the above numbers, current global rates of 622 

grassland conversion to cropland have committed emissions of 32 TgC yr-1 (Table S11). 623 

Uncertainty 624 

We used expert elicitation to estimate uncertainty of the extent of grassland conversion to agriculture 625 

(cropland) (N=3 experts). We used reported 95% confidence intervals of flux uncertainty (25). Our overall 626 

maximum mitigation potential estimate is likely conservative because it does not include net avoided 627 

emissions from root biomass.  628 

Mitigation Targets 629 

In the absence of available MAC curves applicable to this pathway, we assumed a 30% mitigation level for 630 

<2°C ambition. The ongoing demand for arable land, and the relatively small emissions per ha compared 631 

with forest and wetland biomes, suggests a relatively high cost per Mg of avoided CO2 emissions. 632 

 633 

Biochar 634 

Our estimate is derived from the amount of crop residue available for pyrolysis, assuming that this will 635 

form the bulk of the resource for any biochar industry. Crop residue availability for biochar in 2030 was 636 

estimated from assumptions about global crop production, competing demands for residue, and the fraction 637 

of residue that must be left in fields to maintain soil condition and carbon levels. Based on a review of 638 

several studies that have assessed residue potential for bioenergy uses (27, 28), we identified a mid-range 639 

value of 30 EJ yr-1. We converted this value to 1.67 Pg yr-1 dry matter (dm) available by 2050, assuming 18 640 
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GJ Mg-1 average specific energy (259). Woolf et al. (90) report above-ground residues generated in 2009, 641 

less those fed to livestock, as 3.36 Pg dm yr-1 (assuming 45% carbon content). Thus, 1.67 Pg yr-1 is about 642 

half of current unused above-ground crop residues. 643 

We assume the average carbon content of residues is 45% (29) and the amount of carbon retained in 644 

biochar is 50% (32, 33). 97% of biochar carbon represents the recalcitrant fraction, with a long but highly 645 

uncertain mean residence time of 556 years in soils (32, 33). 79.6% of char carbon is estimated to persist on 646 

a timescale of >100 years. As such, we estimate “long-term” mitigation at 0.18 MgCe per Mg dm of dry 647 

feedstock. We do not assume that the pyrolysis process is used to offset fossil fuel use. We also do not 648 

include any second order effects of biochar on soil organic matter or emissions of N2O or CH4, based on 649 

recent meta-analyses showing these effects to be neutral or weakly beneficial on average (91, 92). 650 

We estimate total mitigation potential as: 651 

1,670 Tg dm yr-1 * 0.18 MgCe (Mg dm)-1 = 300 TgCe yr-1 652 

Our new maximum estimate of potential carbon sequestration, derived from independent data for available 653 

crop residues and experimental measurements of the fraction of biomass carbon that becomes recalcitrant to 654 

decomposition, is 70-87% lower than those of Woolf et al. (90), largely owing to our exclusion of energy 655 

crops and estimated mitigation from energy generation and reductions in non-CO2 GHGs. 656 

Uncertainty 657 

To estimate uncertainty in the amount of resource available for biochar, we compiled nine estimates of 658 

sustainable availability of agricultural residues for bioenergy either today or in 2050 (27, 260–263). We use 659 

these estimates to inform an option 3 estimate, calculating a 95% confidence interval range of 0.94-2.07 Pg 660 

dry biomass resource in 2030. 661 

To estimate uncertainty in the mitigation per unit biomass, we assess confidence intervals for each term 662 

of the following equation: 663 

     M = FC * YC *fR * F100 664 

Where M is mitigation per unit biomass, FC is carbon content of residue feedstocks, YC is “carbon 665 

yield” (% of feedstock carbon retained in char during pyrolysis), fR is the fraction of char carbon that is 666 
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recalcitrant, and F100 is the fraction of recalcitrant carbon remaining after 100 years. fR and F100 are drawn 667 

directly from a recent meta-analysis of 121 data points (92). We used option 3 to generate confidence 668 

intervals for FC and YC based on studies of residue feedstocks (29, 264–267) and pyrolysis (264, 265, 267, 669 

268). We used IPCC Uncertainty Approach 1 to combine these into a single figure, with a final 95% 670 

confidence interval range of 16.7-20.6%. 671 

Mitigation Targets 672 

In the absence of available global MAC curves applicable to this pathway, we assumed relatively high 673 

costs per Mg of avoided CO2 emissions, given the labor and technical requirements of implementing biochar 674 

across extensive and often remote agricultural landscapes. Our assignments are consistent with a MAC 675 

curve for biochar in Germany (269). 676 

 677 

Cropland Nutrient Management 678 

We derive the business as usual emissions level for this pathway (2,612 TgCO2e yr-1, 22% increase 679 

from 2010) from Bodirsky et al. (34), who use a range of development scenarios to project total food and 680 

feed demand to 2050. Bodirsky et al. develop country-specific nitrogen budgets balancing nutrient demand 681 

(crop and livestock production) and supply (atmospheric deposition, manure, legumes etc.). Based on a 682 

series of assumptions about nitrogen use efficiency, they then estimate the amount of synthetic and manure 683 

fertilizer needed to meet nutrient shortfalls in different regions. The end result is a projected amount of 684 

nitrogen fertilizer applied in order to meet global food demand in 2050. 685 

We use as our baseline the more pessimistic of the three development scenarios, “SSP3”, since this 686 

tracks closest to a “business as usual” scenario. This reflects significant population growth and increased 687 

consumption, and only minimal increases in nitrogen use efficiency. Total fertilizer use rises from 116 TgN 688 

in 2010 to 163 TgN in 2050, and manure generated from confined livestock also increases substantially 689 

from 31 TgN to 52 TgN. Interpolating linearly, this implies a baseline use of 139.5 TgN fertilizer and 41.5 690 

TgN manure in 2030.  691 
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Translating into business as usual (BAU) N2O emissions, we follow Davidson (37) in using an 692 

emissions factor of 2.54% for fertilizer N and 2.03% for manure N, or 11.9 and 9.5 MgCO2e per MgN 693 

applied. This is slightly higher than IPCC emissions factors (2% direct + indirect), but consistent with range 694 

of estimates reviewed by Snyder et al. (38) of 2-5%. Total N2O emissions from fertilizer and manure are 695 

therefore 2,054 TgCO2e yr-1. 696 

Finally, we acknowledge that fertilizer production itself is a significant source of greenhouse gas 697 

emissions, both through CO2 emitted during ammonia production and excess nitrous oxide during nitric acid 698 

production. Snyder et al. (38), reviewing a range of estimates, report an overall upstream emissions factor of 699 

about 4 kgCO2e kgN-1 averaged over the mix of different fertilizers used in North America. Assuming no 700 

major technology change under a business as usual scenario to 2030, this adds 34% to in-field emissions 701 

from synthetic fertilizer, bringing the business as usual total in 2030 to 2,612 TgCO2e yr-1.  702 

Saving in N2O emissions under max mitigation: 706 TgCO2e yr-1 703 

To model the effect of more efficient nutrient management, Bodirsky et al. (34). use a factor called 704 

“Soil Nutrient Uptake Efficiency” (SNUPE). SNUPE refers to how efficiently humanity manages nutrients 705 

within soils, including biologically fixed or deposited nitrogen as well as fertilizer. They estimate SNUPE at 706 

about 53% globally today, and predict it rises to 55% in the BAU scenario for 2050. 707 

In the maximum mitigation scenario, they assume SNUPE can be increased globally to a 75% 708 

maximum in 2050. This mainly represents more efficient use of fertilizer, but also better use of other N 709 

flows such as manure and legumes to reduce the total amount of synthetic fertilizer needed. This 75% 710 

maximum, halving relative losses, is similar to that quoted by Oenema et al. (35) (70%) and less than that 711 

implied by Mueller et al. (36). 712 

Assuming again that humanity approaches this maximum linearly towards 2050, SNUPE would reach 713 

65% globally in 2030, which is 5% higher than the current European average. The amount of fertilizer used 714 

would decrease by 32% (compared to the BAU) to 95 TgN yr-1, leading to total emissions of 1,906 TgCO2e 715 

yr-1 and a saving of 706 TgCO2e yr-1 (= 192.6 TgCe yr-1). Note that this assumes no change in the emissions 716 

per Tg from fertilizer production. 717 
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Uncertainty 718 

Given the relative complexity of our calculation, we approximate the uncertainty in this pathway with a 719 

simplified version of the calculation. The equation used is: 720 

    Potential = F * x * (EFN20 + EFCO2) 721 

Where F is total nitrogen in synthetic fertilizer use in 2030, x is the percentage by which we are 722 

technically able to reduce synthetic fertilizer use through better fertilizer and manure management, EFN20 is 723 

the N2O released Mg-1 of nitrogen in fertilizer used and EFCO2 is the CO2 released Mg-1 of nitrogen in 724 

fertilizer produced. We follow option 3 approaches for each term using figures drawn or calculated from 725 

other sources that best reflect the suite of efficiency measures captured by this pathway. 726 

To capture measurement uncertainties rather than uncertainties in assumptions of future fertilizer use, 727 

we construct a distribution out of six estimates for the year 2000 (270–272) and apply the resulting relative 728 

uncertainty of 7.2% to our assumed 2030 estimate of 139.5 Tg yr-1. We construct similar confidence 729 

intervals for x (35, 36, 273–275), EFN20
 (37, 38) and EFCO2

 (38) from literature estimates. IPCC Approach 1 730 

uncertainty calculations were used to generate confidence intervals for total avoided N use F * x (32.6-58.0 731 

TgN yr-1) and overall emissions flux per ha EFN20 + EFCO2 (10.5-19.5 MgCO2e MgN-1) for Monte Carlo 732 

propagation. 733 

Mitigation Targets 734 

We assigned mitigation targets based on our expert opinion as MAC curve studies matching our 735 

definition of the pathway were not available. For example, the MAC curves for Cropland Nutrient 736 

Management from EPA (119) includes only emission reductions due to mineral-based cropland soils 737 

processes. This omits other contributors to emission reductions considered here, such as from fertilizer 738 

manufacturing, increased use of manures, residue N, mineralization and asymbiotic fixation, as well as 739 

increased use of cover crops and crop rotations. We observed low or negative costs associated with avoiding 740 

unnecessary use of excessive fertilizers, particularly in the context of countries (e.g. China) where 741 

regulations have created perverse subsidies for excessive fertilizer applications. 742 

 743 
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Conservation Agriculture 744 

Changing agricultural practices and cropping systems can have widely varying effects on soil carbon 745 

(95, 276). However, among the practices with the most consistent positive recorded effects on carbon 746 

sequestration is the cultivation of additional cover crops in fallow periods between main crops (39).  747 

Poeplau & Don (39) cite a study by Siebert et al. (93) that investigates global cropland use intensity, 748 

and relative fallow periods, in the year 2000. Based on this dataset, they identify approximately 800 million 749 

hectares of active cropland that is not already planted with a winter crop or under permanent perennial 750 

cropping, and thus currently have an off-season fallow period that may be suitable for additional cover crop 751 

planting. They further discount this value by 50% (= 400 Mha) to exclude land where climatic factors 752 

require a fallow period or otherwise preclude a cover crop, and cropping systems where harvest is too late to 753 

allow cover crop planting. 754 

In our baseline/BAU case, we assume the area planted with cover crops remains roughly constant at 755 

2000 levels. Poeplau & Don (39) cite several regional studies from 2007-2013 reporting low uptake of cover 756 

crops, qualitatively supporting this assumption. 757 

Poeplau & Don (39) is the most comprehensive and rigorous meta-analysis of carbon sequestration due 758 

to cover crops to date, and finds an average effect that is remarkably consistent across crop choice, tillage 759 

regime and climate. It is also consistent with the Eagle et al. (276) mean value of 0.37 MgC ha-1 yr-1. These 760 

estimates refer to cover crops that left in the field as green manure or mulch rather than harvested. Poeplau 761 

and Don’s estimate is based on field observations of cover crop implementation for up to 54 years. Their 762 

model suggests that a new equilibrium is reach after 155 years. We assume that their sequestration rate 763 

applies for at least 50 years. 764 

No-till agriculture not included in our estimate 765 

A second often-cited driver of soil carbon gains in agricultural soils is a shift to reduced-tillage or zero-766 

tillage systems. Originally developed to reduce soil erosion, no-till has been promoted widely as a carbon 767 

sequestration practice (277–281). However, several more recent expert reviews of the evidence base have 768 

concluded that the evidence behind consistent carbon sequestration through practicing reduced or zero-769 
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tillage is weak or inconclusive (96), and that most reports of strong positive effects on soil carbon levels 770 

were at least partly due to inherent biases in soil sampling technique (94, 95, 97, 98).  771 

For example, Baker et al. (97) found that in all cases where soil had been sampled to >30cm depth, 772 

apparent gains in carbon in shallow depths were offset by decreases at greater depths, leading to no net gain 773 

over the whole soil profile. Powlson et al. (94) also suggest that many experiments introduce systematic 774 

overestimates by measuring the change in soil carbon concentration (%C by mass) without also accounting 775 

for changes in the soil bulk density profile (mass of soil per cm3) under no-till.  776 

In addition, no-till may result in an increase in N2O emissions, eliminating any net greenhouse gas 777 

mitigation benefit (282, 283). Specifically, N2O emissions tend to increase, compared to conventional 778 

tillage, in the first ten years of no-till, but then tend to be reduced compared to conventional tillage. 779 

However, no-till is often not implemented continuously for longer than ten years. For fields where no-till 780 

has been implemented, the average time in no-till before tillage in the corn belt is less than three years. Less 781 

than 14% of no-till fields have been in continuous no till for at least 6 years (284).  782 

For the purposes of calculations here, we therefore do not attempt to calculate a global figure for 783 

carbon sequestration through adoption of zero-tillage. While it is likely that cropping systems including 784 

reduced or zero tillage do indeed have some potential to sequester carbon in soils, it is not currently possible 785 

to reliably estimate such potential. 786 

Uncertainty 787 

We use a global estimate of SOC sequestration and associated uncertainty of 0.12 ± 0.03 PgC yr-1 (39). 788 

Mitigation Targets 789 

Our maximum estimate described above already discounted areas where cover crops would be 790 

displacing more profitable crops or would otherwise be unsuitable, therefore we assume a 90% mitigation 791 

rate is possible at 100 USD CO2e-1 and a 60% mitigation rate at 10 USD CO2e-1. Experience to date suggests 792 

that cover crops outside these contexts, especially leguminous crops, tend to provide net economic value in 793 

reduced soil erosion, improved fertility and additional crop value (285).  Our assigned mitigation target was 794 

also informed by IPCC (117) cost estimates for the <2°C ambition level (<100 USD MgCO2).  795 
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Trees in Croplands 796 

We consider three ways in which trees can be increased in cropland: windbreaks (also called 797 

shelterbelts), alley cropping, and farmer managed natural regeneration (FMNR). There are other types of 798 

trees in agriculture that represent important opportunities for climate mitigation, but are not counted here to 799 

avoid double-counting with the reforestation pathway. Specifically, silvopastoralism and forested riparian 800 

buffers both involve planting sufficient tree cover to be included within our reforestation pathway, and are 801 

accounted for there. 802 

Windbreaks 803 

Windbreaks can help reduce soil erosion, evaporation and wind stress on crops, and have been shown 804 

in a variety of contexts and climates to benefit yields in the sheltered area (286–290). However, this is not 805 

always the case, depending on the crop, climate and windbreak configuration (288–290). We assume first 806 

that windbreaks would be most suitable on cropland with little to no existing tree cover. Zomer et al. (99) 807 

estimate that 54% of agricultural lands have <10% tree cover. Globally, there is about 1.4 Gha of annual 808 

cropland (11)). To avoid double counting with FMNR, we exclude African cropland, leaving an estimated 809 

area of 635 Mha. In the absence of any global assessment of current windbreak use, or of other factors 810 

determining windbreak viability, we assumed only 50% of this remaining area could support additional 811 

windbreaks with neutral or positive effects on overall yield: a total of 318 Mha. 812 

Our review of the literature found an average of 0.175 MgC ha-1 yr-1 additional sequestration in 813 

biomass and soils (42–46). These numbers reflect the fact that windbreaks only cover ~5% of the cropland 814 

(i.e. the sequestration rates just on the portion of the field with the windbreak would be 20 times higher; 815 

(100)).   816 

Alley Cropping 817 

Alley cropping refers to planting trees in rows with crops in between. Udawatta and Jose (41) estimate 818 

that 22% of cropland in the USA is suitable for alley cropping. We applied this to the area of 635 Mha of 819 

treeless, annual cropland, outside of Africa, calculated for the maximum area for windbreaks. This yields a 820 

140 Mha maximum area of implementation for alley cropping.  821 
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Our review of the literature found an average of 1.2 MgC ha-1 yr-1 in biomass and soils (47, 49–53, 822 

101). We restricted our studies to those with a paired comparison of cropland without alley cropping. 823 

Farmer Managed Natural Regeneration (FMNR) 824 

FMNR is the assisted natural regeneration of scattered trees within cropland, especially in drylands, for 825 

productivity, soil quality and erosion control benefits. The end state of FMNR is comparable to the 826 

traditional African dryland agriculture system of agroforestry parklands (291). Application of FMNR in this 827 

analysis is considered specific to Africa.WRI analysis identifies 300 Mha of dry cropland in Africa with 828 

rainfall between 400-1,000 mm yr-1 (54). Areas suitable for additional FMNR would have very low current 829 

tree cover, but require a stock of existing live stumps and root systems to act as sources of regeneration. As 830 

with windbreaks, we assume 50% of this cropland area (150 Mha) is thus technically suitable for such 831 

regeneration. 832 

We assume an average sequestration of 0.4 MgC ha-1 yr-1 in biomass and soils based on a review of 833 

agroforestry parklands by Luedeling et al. (55).  834 

Uncertainty 835 

Available published data did not permit options 1-3 for empirical estimation of uncertainty, so we 836 

employed expert elicitation (N = 3 experts) to estimate the uncertainty of (i) the potential extent of each 837 

form of the three agroforestry systems described above (assuming FMNR exclusively applicable in Africa), 838 

and (ii) mean anticipated tree biomass sequestration for each system. 839 

Mitigation Targets 840 

Our target assignments are consistent with previous studies on the emission abatement from 841 

agroforestry reported by the IPCC (Chapter 11 Fig 11.13) (117). Since we have tried to limit our windbreak 842 

and FMNR adoption to areas where yield effects are positive, we assign these a higher economic mitigation 843 

target than for alley cropping. 844 

 845 

 846 

 847 
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Grazing Pathways: Optimal Intensity, Legumes in Pastures, Improved Feed, Animal Management 848 

Improved grazing management can increase soil carbon pools, and can also reduce greenhouse gas 849 

emissions from other aspects of the life cycle of livestock production. First, we consider changes in soil 850 

carbon based on 1) grazing optimization on rangeland, and planted pastures, and 2) sowing legumes in 851 

planted pastures. Grazing optimization was defined "as the offtake rate that led to maximum forage 852 

production” (56). This prescribes a decrease in stocking rates in areas that are over-grazed and an increase in 853 

stocking rates in areas that are under-grazed, but with the net result of increased forage offtake and livestock 854 

production (56). The legume sowing estimate is restricted to planted pastures and to where sowing legumes 855 

would have net sequestration, taking into account the increases in N2O emissions associated with the planted 856 

legumes (56).  857 

Non-soil carbon improvements in management can also reduce emissions. We include reductions in 858 

emissions from improved feed digestibility and animal management (292). Improved feed management 859 

represents “inclusion of energy-dense feeds (e.g. cereal grains) in the ration, with the greatest potential in 860 

production systems that utilize little or no grain to feed animals, which are common in many parts of the 861 

world.” (292). While this reduces methane emissions from enteric fermentation, more importantly this 862 

allows a reduction in total animal numbers needed to supply the same level of meat and milk demand (103). 863 

Improved animal management includes use of improved livestock breeds, and increased reproductive 864 

performance, health, and liveweight gain. Both Improved Feed and Animal Management pathways assume 865 

that demand for livestock products is relatively inelastic, such that improved efficiency of production 866 

reduces livestock numbers and emissions. We do not include changes in manure management or feed 867 

additives. The costs of reducing emissions via manure management have been estimated at 200 USD 868 

MgCO2e-1 (107) and the total potential is below 100 TgCO2e yr-1 (292). Feed additives have uncertain long-869 

term effects on emissions due to adaptation of rumen microbial systems, potential environmental and health 870 

impacts have not yet been adequately studied, and public acceptance is uncertain. 871 

Mapping Country-Level Mitigation 872 
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For grazing optimization and legumes in pastures, we mapped maximum mitigation to countries by 873 

using spatial data from (56). Improved feed management and improved animal management pathways were 874 

not mapped. 875 

Uncertainty 876 

Uncertainty for animal management and grazing optimization are drawn from Herrero et al. (292). 877 

Uncertainty for improved feed was calculated using option three (see above) using estimates from Havlik et 878 

al (108), Herrero et al. (292) and Gerber et al (106). Uncertainty for the legumes in pastures pathway was 879 

obtained via expert elicitation (N=3 experts). The mean estimate for the climate mitigation potential for 880 

sowing legumes in planted pastures is conservative (and toward the lower end of stated confidence 881 

intervals) because Henderson et al. (56) quantified soil C sequestration potential only in areas where sowing 882 

legumes would lead to net greenhouse gas benefits (i.e., soil C sequestration exceeded increased CO2e due 883 

to greater N2O emissions). 884 

Mitigation Targets 885 

Target assignments for optimal intensity, legumes, and improved feed are based on global model MAC 886 

curves (293). Our target assignments for animal management were informed by IPCC and EPA studies 887 

(117, 119) while noting that sources did not fully match our grazing animal management pathway 888 

definition.   889 

 890 

Improved Rice Cultivation 891 

Much of the world’s rice is typically grown in standing water, generating anaerobic conditions in the 892 

soil, which causes methane and N2O emissions, comprising 10-14% of anthropogenic methane emissions 893 

(152, 294). Water management techniques such as alternate wetting and drying (AWD) and midseason 894 

drainage (MSD) limit the time rice paddies spend in an anaerobic state thereby reduce annual methane 895 

emissions while at the same time saving water (152). Additional management techniques applied to upland 896 

rice such as fertilizer applications, residue and tillage management practices reduce the amounts of nitrogen 897 

and carbon emissions (295). 898 
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Projected total global emissions associated with rice cultivation in 2030 are estimated to be 755 899 

TgCO2e yr-1 (59). This includes 473 TgCO2e yr-1 methane and 341 TgCO2e yr-1 nitrous oxide offset by soil 900 

carbon sequestration of 16 TgCe yr-1. Using twenty-six mitigation scenarios produced from the 901 

Denitrification-Decomposition (DNDC) model for both dryland and flooded rice the US EPA 2013 study 902 

reports a 35% reduction in combined Ce emissions from improved cultivation techniques. We apply the 903 

EPA’s 35% mitigation potential value to the EPA’s estimated total global emissions from rice production in 904 

2030 (755 TgCO2e yr-1) to arrive at a maximum mitigation potential of 265 TgCO2e yr-1 from improving 905 

rice cultivation (59). Compared to an IPCC, 2006 study (296) that reports a 40% reduction in methane from 906 

midseason drainage, this EPA-derived estimate is conservative while being more inclusive, since it includes 907 

nitrous oxide and carbon flux in stated mitigation potential. 908 

Uncertainty  909 

Using option three we calculated a ±17% uncertainty to the maximum mitigation potential of flooded 910 

and upland rice management practices based on a comparison of our primary source (59) and three other 911 

sources (117, 294, 297) scaled to our 2030 baseline year.  912 

Mitigation Targets 913 

Our mitigation targets are based on the averages of Golub et al. (298), Beach et al. (118) and EPA 914 

(119) and are aligned with the values reported by the IPCC (117).  915 

 916 

Avoided Coastal Wetland Impacts 917 

We define coastal wetland conversion as the anthropogenic loss of organic carbon stocks in 918 

mangroves, saltmarshes, and seagrass ecosystems. For mangroves, we calculate the extent of conversion 919 

based on best estimates of current extent (13.8 ±1.24 Mha, (77)), and recently reported  loss rates loss rate 920 

(0.7% (66)). We estimated mangrove carbon stocks by combining the mean of seven above and below-921 

ground vegetation biomass estimates from the literature (194  ±76 MgC ha-1, (65–69, 71, 299)), with the 922 

most recent and comprehensive global estimate of soil organic carbon (SOC) density in the top meter (369  923 
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± 6.8 MgC ha-1 (63)). For saltmarshes and seagrasses, we follow estimates of loss rate and carbon stocks 924 

from Pendleton et al. (65). 925 

For all three coastal wetland ecosystems, flux is the sum of vegetation biomass emissions (assuming 926 

100% committed emissions within a 20-year time horizon), and SOC emissions – calculated as the product 927 

of SOC stocks and percent carbon stock released into the atmosphere post disturbance (63% ± 25% (65, 66, 928 

300)), and percent committed emissions released in the first 20 years post-disturbance. Like all our avoided 929 

loss pathways (avoided forest conversion, avoided woodfuel harvest, avoided peatland conversion, and 930 

avoided grassland loss), avoided coastal wetland conversion is calculated based on 20 year “committed 931 

emissions” accounting approach (209). Given that coastal wetland soil organic carbon  pools are lost over a 932 

long time frame, the 20 year accounting window captures 86% ± 11% of SOC emissions based on estimated 933 

half-life of 7.5 years (65). Therefore, 54% of carbon in coastal wetlands is lost within in 20 years. 934 

Mapping Country-Level Mitigation 935 

Only the mangroves component of this pathway was mapped. We mapped our mangrove maximum 936 

mitigation potential using the annual proportion of mangroves lost in each country per year reported in 937 

(301).  938 

Uncertainty 939 

To calculate uncertainty, we follow option 1 uncertainty approach, defining 95% confidence intervals 940 

for all variables based on direct error estimates from the literature (e.g. mangrove SOC (63)) or variation 941 

between 3 or more studies (e.g. mangrove vegetation carbon stocks). 942 

Mitigation Targets 943 

Our coastal wetland mitigation targets are informed by a recent study (62) reporting that a large 944 

percentage of mangrove conversion is possible at costs <10 USD MgCO2
-1. In the absence of cost curve 945 

literature for other pathway elements (salt marsh, sea grass) we assumed similar cost-effectiveness as 946 

mangrove systems. 947 

 948 

 949 
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Avoided Peatland Impacts 950 

We estimated emissions from conversion of peatlands in three climate zones: boreal, temperate, and 951 

tropical. For each type, we calculated annual loss rates and annual emission rates to determine the total 952 

emissions upon conversion using a 20-year time horizon. To determine the recent annual conversion rate of 953 

freshwater peatlands we used The International Mire Conservation Group Global Peatland Database (73, 954 

111, 112). We aggregated the reported peatland area by climate zone to determine the change in intact 955 

tropical, temperate, and boreal peatland during the 18 year period between 1990 and 2008 (73). We 956 

calculated the rate of decrease of intact (versus degraded) peatlands between 1990 and 2008. We also used 957 

the peatland database for information on the extent of forested peatlands and country level CO2 emissions 958 

(Table S12).   959 

Table S12. Carbon stocks and conversion rates for global peatlands 960 

  Conversion 
Rate 

Carbon Stocks 
  Biomass Soil Total 
  Mha yr-1 MgC ha-1 MgC ha-1 MgC ha-1 
Tropical 
Peatland 0.57 (73) 100.1 (208) 217.5 (73) 317.54 
Temperate 
Peatland 0.14 (73) 4.1 (75) 141.9 (73) 146.08 
Boreal  
Peatland 0.07 (73) 2.6 (75) 56.6 (73) 59.20 
Weighted 
Average   75.96 190.71 266.67 

 961 

Our accounting of peatland carbon stock estimates includes both biomass (above ground and 962 

belowground) and soil carbon. Based on Joosten (73) we calculated the percentage of forested peatlands 963 

from all peatlands for each climate zone (Tropical Peatland 55.7%, Temperate Peatland 20.7%, Boreal 964 

Peatland 13%) and adjusted the above ground biomass carbon estimates based on this percentage in our total 965 

carbon stocks per unit area (Table S12). We assumed that within 20 years all biomass and soil carbon to a 966 

one meter depth would be emitted following conversion (302). 967 

We calculated a per area annual emission rate for each country using country-level data on area of 968 

degraded (drained and deforested) peatlands and emissions in 2008 (73). We calculated a per area annual 969 
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emission rate for each climate zone based on the weighted average of these country-level emissions. Using 970 

this rate, we calculated the 'committed emissions' over a 20-year time horizon by multiplying the annual rate 971 

by twenty (Table S12). Although Joosten (73) does not include emissions from tropical peatland fires, the 972 

loss of carbon stocks resulting from fire is likely to be similar to carbon losses from decomposition over our 973 

20 year time-horizon. 974 

Mapping Country-Level Mitigation 975 

We mapped avoided peatland impacts using country-level estimates of the extent of peatland lost (73), 976 

and the avoidable flux reported in Table S12.  977 

Uncertainty 978 

Available published data did not permit options 1-3 described above for empirical estimation of 979 

uncertainty, so we employed expert elicitation (N = 3 experts elicited) to estimate the uncertainty of (i) the 980 

global mean rate of peatland conversion, and (ii) soil carbon stocks to 1-meter depth (which we assumed 981 

would decompose within 20 years if drained to that depth). 982 

Mitigation Targets 983 

We were not able to identify cost curve literature directly applicable to this pathway, so we assumed 984 

similar cost-effectiveness for the analogous coastal wetlands pathway. 985 

 986 

Coastal Wetland Restoration and Peatland Restoration  987 

We consider coastal wetland and peatland restoration mitigation separately. In each of these wetland 988 

types, restoration alters both the rate of carbon sequestration through soil accumulation and carbon loss 989 

through oxidation and combustion. 990 

We estimate potential extent of wetland restoration based on the extent of “degraded” wetlands. For 991 

peatlands, this is derived from Joosten (73), a review of country-level peatland statistics. We use peatland 992 

area estimates for 2008, representing a snapshot of peatlands in various states of degradation. For 993 

mangroves and saltmarshes, we calculate the total historic area lost by combining estimates of global extent 994 
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(described in coastal wetlands avoided conversion pathway methods above) and percent of original extent 995 

disturbed (76). 996 

To calculate the rate of soil carbon sequestration in restored coastal wetlands, we use published carbon 997 

burial rates (76) and mangrove vegetation sequestration rates (78), assuming negligible vegetation 998 

sequestration in saltmarshes and seagrass. Due to controversy in the literature about the timing and net 999 

atmospheric effect of methane emissions in restored peatlands, we choose to omit a sequestration benefit 1000 

from peatland restoration in our calculations (79–81). This conservative assumption has a small impact on 1001 

the overall estimate of biophysical mitigation potential, as total sequestration is heavily outweighed by 1002 

avoided loss. Wetland vegetation biomass growth rates for mangroves and peatlands were added to soil 1003 

carbon sequestration based on available estimates in the literature (7, 10, 78).  1004 

The majority of wetland restoration mitigation is avoided emissions from re-wetting (peatlands) and 1005 

revegetation (coastal wetlands). To calculate these avoided emissions, we assume degraded wetlands have 1006 

already lost 50% of their original carbon stocks, based on the reasoning that the global aggregate of 1007 

degraded wetlands represents a balanced chronosequence of all phases of carbon depletion. This assumption 1008 

avoids the problematic application of an average rate of global wetland carbon loss, which has very high 1009 

uncertainty (302–304). Therefore, our wetlands restoration avoided emissions flux factors are 50% of 1010 

avoided wetlands conversion flux for corresponding ecosystems.  1011 

Carbon accounting for the coastal wetland restoration pathways contains both a sequestration 1012 

component, and an avoided emissions component. Therefore, the maximum potential mitigation expressed 1013 

here is a mixture of two accounting methods: (i) an annual rate of carbon sequestration per unit area (coastal 1014 

wetlands only), and (ii) total avoided loss of carbon per unit area (all wetlands). Therefore, to combine (i) 1015 

and (ii), we divide the SOC avoided emissions by 20 years (our committed emissions time horizon), to 1016 

achieve our avoided emissions flux rate. 1017 

Saturation of annual mitigation potential occurs after about 20 years, at which point we assume the rate 1018 

of avoided SOC emissions (4.79 MgCe ha-1yr-1) decline, because SOC stocks held in drained peatlands 1019 

would be mostly oxidized after two decades in the absence of re-wetting.  1020 
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Mapping Country-Level Mitigation 1021 

Like avoided peatland impacts, we mapped peatland restoration using the country-level estimates of the 1022 

extent of degraded peatlands (73) and the avoidable flux reported in Table S11. The coastal wetland 1023 

restoration pathway was not mapped. 1024 

Uncertainty  1025 

We used an option 1 approach to calculate uncertainty of coastal wetland restoration – similar to 1026 

coastal wetland avoided conversion uncertainty described above. We applied literature-based uncertainties 1027 

to certain variables (e.g. carbon burial (76)) and inter-study variance to others (e.g. seagrass loss rate).  1028 

Available published data did not permit options 1-3 for empirical estimation of uncertainty of the 1029 

global area of degraded peatlands, so we employed expert elicitation for this component of uncertainty (N = 1030 

3 experts elicited). Results of expert elicitation for avoided peatland impacts also informed our estimate of 1031 

peatland restoration mitigation potential uncertainty. 1032 

Mitigation Targets 1033 

In the absence of prior studies reporting marginal abatement cost (MAC) curves to assign mitigation 1034 

targets, we constructed them using a comprehensive project database (120), available at  1035 

https://www.researchgate.net/publication/284714306_Restoration_database . This database contains 1036 

separate data for saltmarsh, seagrass, and mangrove restoration projects from the published and gray 1037 

literature. The costs included are the technical costs of restoration (capital and operating costs), but no 1038 

opportunity or transaction costs, and, hence, they are likely underestimates of the true restoration costs. We 1039 

retained only the observations with non-missing values for both the area of the project and the cost per ha.    1040 

The emissions reductions from a project were calculated using the total project area from the database 1041 

and a CO2 sequestration rate per year per ha based on our database. The restoration costs per MgCO2 were 1042 

calculated by dividing the per ha sequestration rate by the per ha restoration cost. Since all costs had been 1043 

converted to 2010 values, we used a conversion factor of 1.09 based on CPI to get them to 2015 values.  1044 

We used 55 mangrove studies from both developed and developing countries (American Samoa, 1045 

Australia, Bangladesh, China, Colombia, Ecuador, Hong Kong, India, Indonesia, Malaysia, Philippines, 1046 

https://www.researchgate.net/publication/284714306_Restoration_database
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Puerto Rico, Thailand, USA, Venezuela, and Vietnam). We used the sum of emissions abated from all 1047 

projects to determine the maximum abatement (Fig. S6).  1048 

We constructed a saltmarsh cost curve with 51 observations (Fig. S7). In contrast to the mangrove 1049 

restoration studies, projects were all based in developed countries (UK, US, Australia) and, hence, are likely 1050 

to overestimate global restoration costs.  1051 

The seagrass constructed cost curve (Fig. S8) is based on 35 observations from developed countries 1052 

only (UK, US, Australia) and is therefore likely to overestimate the global restoration costs. However, 1053 

seagrass restoration projects tend to be much more expensive than other types of restoration projects (e.g., 1054 

mangroves) (120). Our assignment of individual mitigation targets based on these constructed cost curves 1055 

for mangroves, saltmarshes, and seagrass are reported in Table S4. 1056 

 1057 

 1058 

Fig. S6. Cost curve for mangrove restoration.  1059 
 1060 
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 1061 

Fig. S7. Cost curve for salt marsh restoration. Two observations with very high values excluded from the 1062 

graph, but not the calculations. 1063 

 1064 

 1065 

 1066 

Fig. S8. Cost curve for seagrass restoration.  1067 

 1068 

 1069 

 1070 
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distinctive phenotypic and demographic characteristics as outliers from the
distribution of mean values of traits taken from populations throughout the region.
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the geographic clustering patterns of allele frequencies. Approximately 9,000 salmon
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represented by adequate data sets that have distinctive characteristics. An additional
35 populations, represented by limited samples or unusual nominal traits, may be
regionally distinctive. Of the 47 adequately sampled, distinctive populations, 22 met
our criteria for conservation consideration: (1) high potential for adaptive variation
(including distinctive run timing), (2) a distinctive trait combined with high spawner
abundance or allozyme frequencies that diverge from geographic clustering patterns,
and (3) more than one distinctive characteristic or freshwater habitat shared with
other distinctive populations. Freshwater habitats for 6 of those 22 populations are
located in watersheds that do not have restrictive land use designations and warrant
the highest conservation priority.
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Maintaining wildlife habitat in southeastern Alaska: implications 
of new knowledge for forest management and research 

Thomas A. Hanley*, Winston P. Smith, Scott M. Gende 

USDA Forest Service, Pacific Northwest Research Station, 2770 Sherwood Lane, Suite 2-A, Juneau, AK 99801-8545, USA 

Abstract 

We review results and implications from recent wildlife studies that followed from the 1997 Tongass Land Management 
Plan (TLMP) and identify information needs and directions for research, development, and application. Sustained population 
viability of wildlife species was identified as a major issue in the TLMP planning process. Several species were identified as 
management indicator species, and research was conducted to determine their potential sensitivity to forest management. South- 
eastern Alaska was found to be a region with an especially high degree of endemism in its small mammal fauna, principally 
because of the combination of its archipelago geography combined with highly dynamic glacial history. Two species of endemic 
small mammals selected lbr demographic study, however, appeared to be less dependent on old-growth forests than had been 
suspected at the time TLMP was written: the northern flying squirrel (Glaucomys sabrinus) because of relatively high suitability 
of noncommercial, low-volume, mixed-conifer forest; and the southern red-backed vole (Clethrionomys gapperi) because of 
relatively high suitability of precommercially thinned young-growth forest. The northe~rn goshawk (Accipiter gentilis) was found 
to be problematic for "management indicator" status because of logistical difficulties involved in monitoring this relatively rare, 
highly mobile species that frequently changes nest sites. Sampling protocols were developed for marbled murrelet (Brachyra- 
mphus marmoratus), although murrelet populations do not appear to be in trouble on the Tongass. The conservation strategy of 
TLMP for American marten (Martes americana) appeared to be sound on Chichagof Island where marten have been studied 
intensively, but implications for the rest of southeastern Alaska were unclear without further work. Studies of the Alexander 
Archipelago wolf (Cants lupus ligoni) indicated that population density of black-tailed deer (Odocoileus hemionus) and road 
access (to wolf hunters) were the predominant factors afl'ecting wolf productivity and mortality, respectively. Finally, studies 
of bird community response to. timber-harvest alternatives to clearcutting indicated that although creation of forest "edge" may 
increase nest predation rates, the actual response depends on a broad array of factors and is highly variable. 

We suggest that research, development, and application focus on plant and animal communities and management of vege- 
tation to achieve specific objectives for wildlife habitat. We suggest that such efforts emphasize silviculture of second-growth 
forests, understanding old-growth reserves, distribution of endemic small mammais, and alternatives to clearcutting. Models for 
evaluating black-tailed deer habitat and populations are needed for subsistence-hunting management, and some work needs to 
be directed at interactions between tourism and selected wildlife species. 
© 2004 Elsevier B.V. All rights reserved. 

Keywords: Land-management planning; Forest management; Ecosystem management; Forest planning; Alaska; Tongass National Forest 

* Corresponding author. Tel.: +1 907 586 8811x250; fax: +1 907 586 7848. 
E-mail address: thanley@fs.fed.us (T.A. Hanley). 

0169-2046/$20.00 © 2004 Elsevier B.V. All rights reserved. 
dot: 10. l 016/j.landurbplan.2004.09.016 

603_0147 
Page 1 of 21

Denney



114 ZA. Hanley et al. / Landscape attd Urban Planning 72 (2005) 113-133 

1. Introduction 

Land-management plans that provide for sustain- 
able use of forest resources rank high in importance 
among issues involving conservation of natural re- 
sources (Rauscher, 1999). Management of natural re- 
sources for sustained use has become increasingly 
complex (Murphy and Noon, 1991; Thomas, 1991). 
Among the challenges is a management goal of con- 
tinued usi~ of multiple resources without diminishing 
ecosystem function and biological diversity (Thomas 
and Dombeck, 1996; Rauscher, 1999). The challenge of 
sustainable management of forest resources is great in 
southeastern Alaska where the nation's largest national 
forest, the Tongass, recently revised its Land and Re- 
source Management Plan (USDA Forest Service, 1997; 
Everest, this issue). Because of its size (6.9 million ha), 
and naturally fragmented and isolated nature (Smith, 
this issue), the Tongass National Forest (hereafter, "the 
Tongass") has many unique features that challenge for- 
est planners (Everest, this issue). Five'significant man- 
agement issues were identified as strategic in the 1997 
Tongass Land Management Plan (TLMP): fish habi- 
tat protection, cave and karst resources, alternatives to 
clearcut timber harvesting, social and economic issues 
(especially those influencing the subsistence lifestyle 
of indigenous people of the region), and wildlife vi- 
ability (Everest et al., 1997; Iverson and Renr, 1997; 
USDA Forest Service, 1997). 

Wildlife viability ranks high among land- 
management issues on public lands (Thomas, 
1991; Iverson and Renr, 1997), and consideration 
of wildlife habitat has shaped the development of 
land-management alternatives (Forest Ecosystem 
Management Assessment Team--FEMAT, 1993; 
Lehmkuhl et al., 1997). The National Forest Man- 
agement Act of 1976 requires that the USDA Forest 
Service manage national forest lands without reducing 
diversity of animals (Thomas, 1991; FEMAT, 1993; 
Thomas . and Dombeck, '1996; Iverson and Renr, 
1997). Maintaining viable populations of all species, 
widely distributed throughout the forest, is a key 
requirement. 

Large-scale, commercial logging was the major fac- 
tor affecting changes in wildlife habitat on the Ton- 
gass in 1997. Commercial logging's potential effects 
on wildlife viability within the Tongass were evalu- 
ated through several processes. "Conservation assess- 

ments" (Iverson and Renr, 1997) synthesized available 
information on three management indicator species 
that were being considered for potential listing as 
"threatened" or "endangered" under the Endangered 
Species Act: the northern goshawk (Accipiter gentilis), 
Alexander Archipelago wolf (Canis lupus ligoni), and 
marbled murrelet (Brachyramphus marmoratus). Ad- 
ditionally, forest-wide strategies were developed for 
maintaining habitat to support viable wildlife popu- 
lations and functional old-growth ecosystems across 
the Tongass (Iverson and Ren~, 1997). Various com- 
binations of strategies and management options be- 
came distinguishing elements of an array of forest 
plan alternatives that were assessed through an "ef- 
fect analysis" to determine impacts to various for- 
est resources (USDA Forest Service, 1997). Risk as- 
sessment panels were commissioned to evaluate the 
effects on habitat capability or risk to viability of 
several old-growth-associated wildlife species (Shaw, 
1999). Among those were American marten (Martes 
americana), brown bear (Ursus arctos), Alexander 
Archipelago wolf, northern goshawk, marbled mur- 
relet, and other terrestrial mammals that were evaluated 
as two groups: widely distributed species, and endemic 
small mammals. A panel was convened for black-tailed 
deer (Odocoileus hemionus) because of concerns over 
significant reduction of habitat capability and its po- 
tential effects on subsistence hunting and wolf popula- 
tions, which depend primarily on deer as a prey base 
(Person et al., 1996). After the writing of TLMP, several 
studies were initiated to follow up on key information 
needs identified in the TLMP process. 

The purpose of this report is three-fold: (1) to pro- 
vide a brief background of studies that were initiated 
as follow-up to the TLMP; (2) to review major find- 
ings of those studies; and (3) to identify information 
needs and directions for future research. Specifically, 
we summarize the results and implications of studies 
of evolutionary diversity of endemic small mammals 
and ecology of endemic populations of the southern 
red-backed vole (Clethrionomys gapperi), the north- 
ern flying squirrel (Glaucomys sabrinus), the north- 
ern goshawk, and the marbled murrelet. We also sum- 
marize results of ongoing studies of American marten 
and wolf ecology that were not TLMP follow-up stud- 
ies per se, but which generated valuable information 
relative to future management of the Tongass and re- 
duction of risk to population viability. In addition, we 
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include new information from a study of the com- 
position of bird communities in old-growth conifer- 
ous forests of southeastern Alaska. We then iden- 
tify major areas of needed research, development, and 
application. 

2. Background 

An important outcome of the conservation assess- 
ments was awareness that there were substantial gaps 
in basic knowledge of the natural history and ecol- 
ogy of wildlife subspecies indigenous to southeastern 
Alaska. Information needs were prioritized, and sev- 
eral TLMP follow-up efforts were initiated, including 
studies of endemic small mammals, northern goshawk, 
and marbled murrelet. Additionally, a study was initi- 
ated to examine alternative systems of timber harvest 
(i.e., other than clearcutting) because of increasing in- 
terest in harvesting trees in a manner that approaches 
the natural disturbance regime of the region more 
closely. 

Studies of endemic small mammals included two 
general topics: (I) documenting endemism in the mam- 
mal fauna, which included questions about taxonomy 
and phylogeography; and (2) ecology of endemic ar- 
boreal and forest-floor small mammals. The dynamic 
geological history and naturally fragmented nature of 
the southeastern Alaska archipelago has produced an 
environment where the potential for endemism is high. 
Yet, there was little knowledge of the distribution and 
diversity of mammals. There also had been no quanti- 
tative studies of habitat distribution or demography of 
old-growth-associated small mammals in southeastern 
Alaska. 

An ongoing, interagency study of nesting ecology 
and movements of the northern goshawk was contin- 
ued, and a study of diet composition during the breed- 
ing season was initiated. The Queen Charlotte goshawk 
(A. g. laingi) is an endemic subspecies of the region 
and was petitioned for listing as "endangered" under 
the Endangered Species Act. It was not listed as en- 
dangered, however, primarily because too little infor- 
mation existed to accurately assess population status. 
Concerns remained that continued broad-scale conver- 
sion of old-growth forest to young, even-aged stands 
would imperil goshawk populations on the Tongass 
(USDI Fish and Wildlife Service, 1995). The northern 

goshawk is a reputed old-growth forest associate with 
large home range requirements (Iverson et ai., 1996). 
Goshawks are probably prey-limited in southeastern 
Alaska (Iverson et al., 1996); yet, there has been lit- 
tle quantitative information available about diet, key 
prey species, or attributes of foraging habitat during the 
breeding season. Suitable nesting and foraging areas 
are essential to sustaining viable populations (lverson 
et al., 1996). Preliminary studies across the Tongass 
indicated low breeding densities and a preference for 
old-growth forests (Pendleton et al., 1998), with evi- 
dence of recent cumulative impacts from commercial 
logging (Iverson et al., 1996). 

The marbled murrelet is unique among wildlife 
species in southeastern Alaska because it spends most 
of its time offshore but nests inland in late-seral conifer- 
ous forests (Piatt and Ford, 1993; Nelson, 1997). In Cal- 
ifornia, Oregon, and Washington, marbled murrelets 
are listed as a "threatened" species under the Endan- 
gered Species Act because of the legacy of clearcut log- 
ging of coastal coniferous forests in the Pacific North- 
west and the reputed dependence of marbled murrelets 
on late-seral forests for nesting (Nelson, 1997). Prelim- 
inary evidence indicated that marbled murrelets were 
not declining in southeastern Alaska (DeGange, 1996), 
but as with many other management indicator species, 
data regarding natural history and population dynam- 
ics are few. Crucial information needs for marbled 
murrelets relative to land-management planning on the 
Tongass included development of a sampling protocol 
to monitor inland populations (DeGange, 1996). 

Several management indicator species were already 
the focus of ongoing studies and thus were not part 
of the TLMP follow-up effort. These included the 
American marten and Alexander Archipelago wolf. 
The American marten has large home range require- 
ments and has been proposed as a species that requires 
landscape-level management (Bissonette et al., 1989). 
A reputed old-growth associate, martens apparently 
avoid clearcuts, and their abundance is correlated with 
habitat features that are typical of older forest; they also 
are believed to be sensitive to habitat fragmentation 
(Bissonette et al., 1989; Hargis et al., 1999). Ongoing 
research in southeastern Alaska indicates that Amer- 
ican marten reproduction may be linked to vole (Mi- 
crotus spp.) population levels (Flynn and Schumacher, 
2001). Small mammals composed the largest portion 
of their diet in years when Microtus and Peromyscus 
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populations were high, and they preferentially sought 
small mammals even when populations were low (Ben- 
David et al., 1997). An important question related to 
marten population viability in southeastern Alaska is 
whether riparian and beachfront buffers provide suffi- 
cient connectivity among old growth reserves in man- 
aged landscapes, a fundamental assumption of the 1997 
TLMP conservation strategy (USDA Forest Service, 
1997). 

Concern about wolf population viability is linked di- 
rectly to the cumulative impact of commercial logging 
on the habitat capability for black-tailed deer, the pri- 
mary prey of the Alexander Archipelago wolf (Person 
et al., 1996). The legacy of five decades of commer- 
cial logging left a significant portion of forested land- 
scapes (up to 50% of some Ranger Districts) in second- 
growth stands that have dense canopies and little un- 
derstory, thus providing little forage for deer (Person 
et al., 1996). Understanding the implications of past 
clearcut logging on deer populations and developing 
silvicultural prescriptions that improve second-growth 
stands for deer are important for reducing future effects 
on wolf populations. 

Finally, there has been growing interest in finding 
logging methods as alternatives to clearcut logging 
for harvesting wood from the forests of southeastern 
Alaska with minimum deleterious effects on wildlife 
habitat and other resources. Individual-tree selection, 
small group selection, and various levels of live-tree re- 
tention have been suggested as alternatives to clearcut- 
ting. Stand features resulting from such harvest systems 
differ especially in the size and distribution of canopy 
openings and the amount and spatial configuration of 
"edge" (Forman and Godron, 1986). The size of canopy 
openings and amount and distribution of edge are be- 
lieved to have significant implications for wildlife habi- 
tat (Hayward et al., 1999), especially for forest land- 
birds (Gates and Gysel, 1978). An important consider- 
ation in managing forests with alternatives to clearcut- 
ting is the additional fragmentation and forest edgethat 
may result from creating more canopy openings across 
a larger proportion of the landscape to obtain compa- 
rable levels of timber volumes. The composition and 
abundance of bird communities in old-growth forests 
and the role of forest edge in avian community structure 
in southeastern Alaska are important information that 
was virtually unknown at the time of the 1997 TLMP 
analysis. 

3. Findings 

3.1. Endemic small mammals 

3.1.1. Evolutionary diversity and taxonomy 
Conservation of biological diversity requires main- 

taining the evolutionary diversity of organisms indige- 
nous to a region (Cook and MacDonald, 2001), as 
well as ecological components and processes (Smith, 
this issue). A solid evolutionary framework is funda- 
mental to documenting endemism throughout south- 
eastern Alaska (Cook et al., 2001). Early expeditions 
to southeastern Alaska surveyed about 1% (n = 22) of 
the named islands and documented 27 endemic mam- 
mal taxa with an additional 12 indigenous taxa having 
ranges largely restricted to the region (MacDonald and 
Cook, 1996; Smith, this issue). More recent studies 
added to the total number of surveyed islands (n = 87), 
documented that the structure of the mammal fauna in 
the Alexander Archipelago was nested, and used mod- 
ern genetic techniques to review the taxonomy of pre- 
viously described forms and conduct phylogeographic 
analyses (MacDonald and Cook, 1996; Conroy et al., 
1999; Cook et al., 2001). Southeastern Alaska has 48 
extant native, land mammal species with the highest 
number occurring in the Upper Lynn Canal Region 
and the highest number of endemic taxa occurring in 
the Mainland Subregion. Smith (this issue) summa- 
rizes the indigenous small (<10 kg) mammal taxa of 
southeastern Alaska. Whereas some reputed endemics 
showed nominal levels of genetic divergence among 
conspecific populations, there was more genetic differ- 
entiation in some taxa than was reflected in the current 
taxonomy (Cook et al., 2001). For example, the long- 
tailed vole (Microtus longicaudus), which includes two 
subspecies from the Alexander Archipelago, exhib- 
ited only a single distinctive genetic lineage. In con- 
trast, some single subspecies (e.g., black bear; Ur- 
sus americanus pugnax) comprise multiple lineages 
(Cook et al., 2001) and, perhaps, should be multi- 
ple subspecies. Acute genetic variation was reported 
for five species that were composed of two or more 
clades. 

Northern flying squirrel and southern red-backed 
vole showed minimal levels of genetic divergence. 
Still, flying squirrels on the I1 islands of the Prince 
of Wales Island complex exhibited distinct mitochon- 
drial lineage, low heterozygosity and allelic diversity, 

603_0147 
Page 4 of 21



T.A. Hanley et al. / Landscape and Urban Planning 72 (2005) 113-133 117 

and severely reduced genetic variation (Bidlack and 
Cook, 2001, 2002). Genetic variation among south- 
ern red-backed vole populations was consistent with 
the current subspecific taxonomy. However, the current 
ranges depicted for red-backed voles (i.e., C. gapperi 
and C. rultilus) in southeastern Alaska (MacDonald 
and Cook, 1996) are in need of revision (Amy 
Runck, Alaska Department of Fish and Game, unpub- 
lished observations of occurrences outside the depicted 
ranges). 

Recent evidence suggests that the mammal fauna of 
southeastern Alaska is composed of multiple elements 
with discontinuities and different histories representing 
distinct regional assemblages. It is much more complex 
than was suspected only a decade ago. Although Cook 
and MacDonald (2001) and their students have pro- 
vided a wealth of new information in recent years, the 
evolutionary diversity and taxonomy of endemic small 
mammals of southeastern Alaska is just beginning to 
be understood. 

3.1.2. Distribution and ecology of flying squirrels 
Northern flying squirrels in southeastern Alaska are 

known to occur on the main land east of Glacier Bay Na- 
tional Park and south of the Chilkat River (MacDonald 
and Cook, 1996). They have not been documented on 
Etolin or Woronkofski Island; the islands north of Sum- 
ner Strait (except Mitkof Island), and the islands south 
of Revillagigedo Island. The Prince of Wales flying 
squirrel (hereafter squirrel) is known from the Prince 
of Wales Island complex, a group of 11 islands in- 
cluding Prince of Wales and nearby islands along its 
western shore (MacDonald and Cook, 1996; Smith, 
this issue). A reputed associate of old-growth conif- 
erous forests in the Pacific Northwest, this species oc- 
curred in upland old-growth western hemlock (Tsuga 
heterophylla)-Sitka spruce (Picea sitchensis) forests 
and largely noncommercial peatland/mixed-conifer 
forests of Prince of Wales Island (Smith and Nichols, 
2003). 

Squirrel densities vary depending on forest type, 
seral stage, and management history (Smith, this is- 
sue). In old-growth forests of the Tongass, densities 
were among the highest reported in northwestern North 
America (Smith, this issue; Smith and Nichols, 2003). 
Squirrel densities in mixed-conifer forests were less 
than in old growth, but were comparable to densities 
reported for some old-growth Douglas-fir (Pseudot- 

suga menziesii) stands in Washington (Carey et al., 
1992). Age and sex composition, mean body weight, 
and juvenile recruitment of squirrels did not differ be- 
tween habitats on Prince of Wales Island. However, 
summer survivorship and density of reproductive fe- 
males were higher in old growth than in mixed-conifer 
forests (Smith and Nichols, 2003). Juvenile weights 
averaged l19g on Prince of Wales Island, which is 
20-40% higher than means reported for Oregon and 
Washington (Villa et al., 1999). Mean adult weights 
during spring (129g) and autumn (123 g) (Smith and 
Nichols, 2003), however, seem to fall within the range 
of variation reported from Oregon and Washington 
for squirrels of similar age (Villa et al., 1999). Ju- 
venile recruitment into the fall population was louver 
on Prince of Wales Island than in the Pacific North- 
west (Villa et al., 1999), which may have been re- 
lated to density-dependent influences on natality or 
survival on Prince of Wales (Smith and Nichols, 
2003). 

Possible factors contributing to demographic vari- 
ation between Prince of Wales Island and the Pacific 
Northwest include predation, competitive release, and 
diet (Pyare et al., 2002; Smith and Nichols, 2003). In 
southeastern Alaska, there are no known predators that 
specialize on squirrels, such as the spotted owl (Strix 
occidentalis) does in the Pacific Northwest (Carey 
et al.,. 1992); and the small mammal community 
is relatively depauperate, compared to the Pacific 
Northwest (Carey, 1991). Squirrel diets on Prince of 
Wales Island differed substantially from the Pacific 
Northwest (Pyare et al., 2002). Important habitat 
attributes associated with high densities of squirrels in 
the Pacific Northwest include complex forest canopy, 
tree decadence, large live and dead trees (standing 
and downed), and a well-developed understory of 
ericaceous shrubs (Carey et al., 1999). In southeastern 
Alaska, it is unclear what habitat features are impor- 
tant ecological correlates of abundance, but squirrel 
populations are apparently not limited to old-growth, 
spruce-hemlock forests. Peatland/mixed-conifer 
habitat likely contributes to breeding populations in 
managed landscapes and thus may reduce risks to 
population viability (Smith and Nichols, 2003). Nev- 
ertheless, important questions remain about dispersal 
and the influence of annual population fluctuations 
on habitat distribution and demography in managed 

• landscapes. 
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3.1.3. Distribution and ecology of southern 
red-backed voles 

The southern red-backed vole (hereafter vole) oc- 
curs as four endemic subspecies in southeastern 
Alaska: two subspecies reputedly occur on the main- 
land south of the Taku River (but see Smith et al., 
2001), and two subspecies are island endemics of .  
the nearshore islands Wrangell and Revillagigedo 
(MacDonald and Cook, 1996). This species is re- 
putedly associated with old-growth coniferous forests 
(Nordyke and Buskirk, 1988; Aubry et al., 1991; 
Smith, this issue). Regardless .of. forest type, voles 
seem to favor mesic habitat and moist microenvi- 
ronments (Odum, 1944), probably because of an un- 
usually high physiological need of free water (Getz, 
1962, 1968; McManus, 1974). In southeastern Alaska, 
voles occurred in old-growth forest, recently thinned 
young-growth stands (20-25 years old), and to a much 
lesser extent peatland/mixed-conifer forests (Smith and 
Nichols, 2004). Voles apparently prefer sites with abun- 
dant stumps, downed coarse woody debris (especially 
rotting logs), and exposed roots within a loose forest 
litter (Merritt, 1981; Moses and Boutin, 2001)'. Vole 
abundance has been linked to understory cover, which 
likely promotes a moist microclimate, provides impor- 
tant foods, and affords ample escape cover (Nordyke 
and Buskirk, 1991). 

Vole densities reported for coniferous forests of the 
Pacific Northwest differ by an order of magnitude ac- 
cording to region, forest type, land use, and methodol- 
ogy (Smith, this issue). Unfortunately, densities from 
the Pacific Northwest were not computed with esti- 
mates of effective area sampled (Swift and Steinhorst, 
1976), which can differ among habitats, and therefore 
are not directly comparable to estimates from south- 
eastern Alaska (Smith and Nichols, 2004). In southeast- 
ern Alaska, voles consistently achieved their highest 
densities in old-growth forest, which was the highest 
ranked habitat according to several demographic pa- 
rameters (Smith and Nichols, 2004). In contrast, vole 
density was very low in peatland/mixed-conifer forest, 
which invariably was the habitat ranked lowest in qual- 
ity and probably was incapable of supporting breeding 
populations. Thinned young-growth stands supported 
breeding populations, at least in years when popula- 
tion levels were relatively high (Smith and Nichols, 
2004). Moreover, mean body mass, minimum summer 
and overwinter survival, age and sex composition, and 

percentage of reproductive females did not differ be- 
tween thinned young-growth and old-growth forests. 

These results depart from the pa, ttern reported for 
the Pacific Northwest (Aubry et al., 1991; Sullivan 
et al., 2000) and have significant implications foi" pop- 
ulation viability in managed landscapes. It remains 
unclear what habitat attributes are necessary to sus- 
tain vole populations in southeastern Alaska, but it 
appears that breeding populations can exist in man- 
aged young, second-growth stands that have a rela- 
tively open canopy and developing understory (Smith 
and Nichols, 2004). Still, there remain several impor- 
tant areas that warrant further study: (1) influence of 
annual fluctuation in population levels on vole habitat 
distribution and demography in managed landscapes; 
(2) habitat capability of older second-growth (i.e., stem 
exclusion) stands; (3) benefits to vole habitat of pre- 
commercial and commercial thinning; and (4) stand 
and landscape features that limit dispersal. 

3.2. Northern goshawk 

An interagency study was initiated in 1991 with the 
goal of understanding the ecological relationships of 
nesting goshawks, including nesting area use, produc- 
tivity, and movements on the Tongass National Forest, 
yet study results were not complete at the onset of the 
1997 TLMP (Iverson et al., 1996; Flatten et al., 2001). 
Consequently, subsequent research was conducted to 
increase the database and study diet composition dur- 
ing the 1998 and 1999 nesting seasons (Lewis, 2001). 

Observations revealed that areas of use (95% min- 
imum convex polygons from radio-telemetry reloca- 
tions) were large and varied among male and female 
goshawks (Flatten et al., 2001). Use areas during the 
breeding season ( I March- 15 August) averaged 4153 
and 4785 ha for females and males, respectively. Dur- 
ing the nonbreeding season (16 August-28 February), 
use areas averaged 32,961 and 16,503 ha for females 
and males, respectively. "Nesting areas" included perch 
sites, roosts, and nest structures within a breeding- 
season use area. Based on the maximum movement of 
adults between nest structures in consecutive nesting 
years (range 0.5-3.2 km, n = 24), nesting areas were up 
to 3.2 km in diameter (804 ha). 

Average occupancy of nesting areas by radio-tagged 
adults was 1.9 years for males and 1.6 years for fe- 
males. Some nesting areas may have been used for 

603_0147 
Page 6 of 21



T.A. Hanley et al. / Landscape and Urban Planning 72 (2005) 11.3 133 119 

100 

~5 
"6 
~J 

E 

13- 

75 

50 

25 

0 

0 5 

-,-~ - T  - , . r  - r -  

10 15 20 25 30 35 40 45 50 55 

Days after 28 May 

• Other mammals 

m Squirrels 

[] Other birds 

D Ptarmigan 

• Crow 

[] Thrush 

[] Jays 
El Grouse 

Fig. 1. Prey groups delivered over 5-day intervals throughout the nesting season (beginning at the start of first surveillance, 28 May) to all 
video-monitored northern goshawk nests in southeast Alaska, 1998-1999. Figure illustrates that regardless of date, there is much variability 
in the diet, and diet diversity may change over the nesting season, possibly reflecting either differences in availability or preference by adults 
(source: Lewis, 200l). 

longer consecutive periods, but factors such as radio 
failure limited the number of years that a site was mon- 
itored. Nonetheless, occupation of a nesting area for 
more than 3 consecutive years was rare. 

Goshawk productivity appeared to vary geograph- 
ically across the Tongass (Flatten et al., 2001). An 
average of 28.4% of known nest sites were occupied 
annually during 1991-1999, but this differed across 
the region: 13% in northern, 20% in central, and 
53% in southern study areas. Goshawks averaged 2.0 
fledglings per active nest, which was comparable to 
goshawk populations elsewhere (Iverson et al., 1996). 

Goshawk diets differed substantially among nests 
during the breeding season (Fig. 1), and within nests 
between years (Fig. 2; Lewis, 2001). Blue grouse 
(Dendragapus obscurus), spruce grouse (Falcipennis 
canadensis), ptarmigan (Lagopus spp.), red squirrels 
( Tamiasciurus hudsonicus), Steller's jays ( Cyanocitta 
stelleri), varied thrushes (lxoreus naevius), northwest- 
ern crows (Corvus caurinus), and small passerines 
(Passeriformes, Class: Aves) dominated the diet, al- 
though frequency of each prey species differed among 
nests, during the nesting season, and between years 
(Figs. I and 2; Lewis, 2001). Goshawks used a diver- 
sity of prey species, with birds representing a much 
greater percentage of prey than mammals, both in terms 
of number of deliveries to the nest and prey remains 
(78% versus 22% and 91% versus 9%, respectively). 
The variability in diet among nests could be attributable 
to differences in prey availability, nesting chronol- 

ogy (differences in prey vulnerability), or individual 
goshawk preferences (Lewis, 2001). 

Current protective measures of goshawk habitat on 
the Tongass National Forest are "nest-based", i.e., a 
no-harvest buffer of 40.5 ha around known nest trees 
(USDA Forest Service, 1997). However, areas used by 
known goshawk breeding pairs are substantially larger 
than this buffer, especially when nests from multiple 
years are considered (Flatten et al., 2001 ). When radio- 
tagged goshawks nested in consecutive years in the 
same nesting territory, only 54% of alternate nests fell 
within the 40.5 ha buffer surrounding the initial nest 
site; a 314 ha buffer included 79% of the nests. Conse- 
quently, under current habitat management guidelines, 
potential nest sites may be subject to timber harvest, 
which ultimately may compromise the quality of the 
breeding territory. Goshawks tend not to use the same 
nest site in subsequent years, so availability of alterna- 
tive nest sites in the breeding territory is an important 
habitat feature (Flatten et al., 2001). in addition, cur- 
rent guidelines may not adequately protect important 
foraging habitat either. 

Management implications of the diet study are less 
clear than are those of the nesting study. Timber man- 
agement affects community structure of many prey 
species, such as forest birds, by modifying vegeta- 
tive structure and composition (Willson and Gende, 
2000). Cumulative impacts of clearcut logging also in- 
fluence populations of arboreal (DeSanto and Willson, 
2001) and forest-floor mammals (Smith and Nichols, 
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Fig. 2. Prey groups delivered over 5-day intervals throughout the nesting season (beginning at the start of first surveillance, 28 May) to northern 
goshawk nests near Fish Creek, Douglas Island, in 1998 (a) and 1999 (b). Figure illustrates the annual variability in goshawk diet in same 
geographic area (source: Lewis. 2001). 

2(X)4). Timber management, through influences on 
stand structure, also may affect the ability of  goshawks 
to capture their prey (Iverson et al., 1996). Unfortu- 
nately, little is known about relations between for- 
est structure and abundance of prey species or their 
vulnerability to predation. Furthermore, the degree to 
which goshawks on the Tongass depend on certain prey 
species for successful reproduction is unknown. Al- 
though evidence indicates that goshawks can use a wide 
diversity of  prey (Lewis, 200l),  it is unclear whether 
that has positive or negative implications for popula- 
tion viability. In areas of this species' range where it 
occurs at higher densities, goshawks concentrate on a 
few, large bird (e.g., grouse) or mammal (e.g., ground 
squirrel) prey species (Iverson et al., 1996). When a 
substantial portion of the prey delivered to nests are 
small, passerine nestlings (Lewis, 2001 ), the question 
is raised about whether a breeding pair can adequately 
provide food for their young (Iverson et al., 1996). 

Because of its large home range requirements and 
close association with old-growth forests, the north- 
ern goshawk was proposed as a management indicator 
species early in the TLMP process (Sidle and Suring, 
1986). However, that was subsequently reconsidered 
because of a paucity of specific ecological information, 
and because preliminary data indicated that monitoring 
goshawk populations would be problematic (Iverson 
et al., 1996). Recently, a thorough analysis of  data from 
the 10-year interagency study confirmed early predic- 
tions about the infeasibility of  monitoring goshawk 
populations on the Tongass. Time and resources re- 
quired for finding nest sites (with and without ra- 
dio tags), large home ranges, movements of  goshawks 
among nest sites within nesting areas, and logistics of 
accessing remote locations used by goshawks render 
monitoring of goshawk populations on the Tongass im- 
practical (Flatten et al., 2001 ). Consequently, the north- 
ern goshawk will likely be eliminated from further con- 
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sideration as a management indicator species for the 
Tongass National Forest in subsequent forest plans. 

3.3. Marbled murrelet 

The 1997 TLMP established a habitat conserva- 
tion strategy for marbled murrelets (hereafter mur- 
relets) that involved protection of near-shore, low- 
elevation, old-growth forests (USDA Forest Service, 
1997). Long-term monitoring of inland population lev- 
els has been proposed as a means of testing the conser- 
vation strategy (Smith and Harke, 2001). Quantifying 
murrelet population trends is difficult because of mur- 
relets' secretive and unpredictable behavior and the as- 
sociated variability in dawn counts that results during 
inland surveys (Jodice and Collopy, 2000). Smith and 
Harke (2001) surveyed murrelets at fixed point-count 
stations during mid-July for 6 years with 10 min dawn 
surveys (Paton et al., 1990) to quantify this variation for 
the purpose of estimating sample size (number of sur- 
vey stations) and duration (number of years) that would 
yield sufficient statistical .power to detect a meaningful 
decline in detections. They reported that the number of 
fixed point-count stations necessary to detect signifi- 
cant variation among years, with 95% confidence, was 
22 stations (Smith and Harke, 2001). Number of years 
required for detecting an annual decrease of 10% var- 
ied according to precision of estimates (Table I). By 
visiting each station 12 times annually, it may be pos- 

sible to detect a 10% annual decrease in 6 years, i.e., a 
cumulative decline of 50% (Smith and Harke, 2001). 

In a pilot study to determine feasibility of using 
radio-telemetry to study nesting behavior and ecol- 
ogy, Nelson et al. (1999) captured nine murrelets near 
Juneau and followed their movements for an average 
o f 6 7  days. Capture success (netting from an inflat- 
able watercraft) was dependent on ambient light, as 
birds were captured only on dark, cloudy nights. In- 
land visits for each bird consistently occurred between 
1:30 and 6:45 a.m., but the short duration of visits 
precluded following murrelets to potential nest sites 
(Nelson et al., 1999). Inland activity was concentrated 
along slopes and ridges of the Mendenhall River Val- 
ley. At-sea locations were concentrated in Auke Bay 
and Fritz Cove (near Juneau) until 19 June, after which 
murrelets were regularly located in Icy Strait near the 
mouth of Glacier Bay (Whitworth et al., 2000). Indi- 
vidual murrelets were identified at inland sites and at 
sea on the same day on 20 occasions, with some birds 
detected at sea up to 124 km from their inland locations 
(Whitworth et al., 2000). This study provided the first 
direct evidence that murrelets in southeastern Alaska 
consistently travel considerable distances between po- 
tential nesting and foraging areas. RadioStelemetry has 
promise as a method of obtaining detailed information 
on murrelet nest-site selection and success without af- 
fecting the behavior or survival of birds (Nelson et al., 
1999). 

Table 1 
Number of point-count stations per year needed to discern signifi- 
cant annual variation, and number of consecutive years of sampling 
required to detect an annual 10% decline in murrelet detections at 
two levels of variation (CV), and associated probabilities of a Type 
I (a) and Type II (/4) error whenf(effect  size index) is 0.4. 

Stations/year Consecutive years to detect Type I Type 11 
an annual 10% decline (a) (/4) 

CV =0.507 CV= 1.523 

22 19 46 0.05 0.05 
18 17 42 0.05 0.10 
16 16 39 0.05 0.15 
14 15 37 0.05 0.20 
15 16 38 0.10 0.10 
14 14 35 0.10 0.15 
12 14 32 0.10 0.20 
11 13 30 0.10 0.25 
9 12 28 0.10 0.30 

Source: Smith and Harke (2001). 

3.4. American marten 

New findings about American marten in southeast- 
ern Alaska since the 1997 TLMP come from two 
sources: (1) an M.S. thesis (Schumacher, 1999) and 
(2) the completion of a I 0-year study of population dy- 
namics and habitat use (Flynn and Schumacher, 2001). 
Habitat choice of dens and resting sites revealed that 
natal dens were in the boles of trees and snags or hard 
downed logs, and resting sites were beneath the roots 
of trees and snags (Schumacher, 1999). Martens used 
larger diameter and less decayed structures at dens than 
at resting sites, but other attributes of habitat were sim- 
ilar between dens and resting sites. Although martens 
showed little selection for other specific attributes of 
habitat at dens and resting sites, they clearly used the 
largest diameter trees, snags, or stumps available, most 
of which had evidence of decay and cavities. These 
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findings indicate a high potential value of numerous 
and well-distributed old, large-diameter structures for 
marten recruitment. 

Habitat selection of radio-collared marten 
(Schumacher, 1999) was used to evaluate the 
predictions of a spatially neutral habitat-capability 
model developed for the TLMP process (Lowell 
W. Suring, unpublished model on file in Alaska 
Regional Office, USDA Forest Service, Juneau) and 
two spatially explicit models developed subsequently 
(Winston P. Smith, unpublished model on file in 
Forestry Sciences Laboratory, USDA Forest Service, 
Juneau, AK). One spatially explicit model incor- 
porated the effect of roads on mortality of marten, 
whereas the other ignored the effect of roads. Both 
spatially explicit models predicted substantially lower 
overall habitat capability than did the spatially neutral 
model. However, neither of the spatially explicit 
models improved the prediction of habitat selection 
of radio-collared martens over the spatially neutral 
model developed for the TLMP process (Fiynn and 
Schumacher, 2001). Thus, current predictions of 
relative differences in capabilities of various habitats 
remain the same today as they were during the 1997 
TLMP analyses. 

Results from the 10-year study of marten popula- 
tion dynamics and habitat use indicated that popula- 
tions fluctuated greatly between years, from an esti- 
mated low of about 12 to a high of 45 animals within 
the study area of northeastern Chichagof Island (Fiynn 
and Schumacher, 2001). Marten abundance was invari- 
ably lower during winter than during the preceding au- 
tumn, reflecting seasonal losses through emigration and 
mortality. Sex ratios and age structure also varied sub- 
stantially during the study. Body condition of females 
during summer and relative abundance of rodents ex- 
plained 90% of the annual variation in marten fecun- 
dity, indicating the high importance of food resources 
in marten population productivity. Although the 1997 
TLMP conservation strategy for marten appea?s to be 
sound within the study area of northeastern Chichagof 
Island thus far, further evaluation over time and in 
other study areas of the Tongass is needed (Flynn and 
Schumacher, 2001). However, the American marten is 
problematic as an indicator species for forest manage- 
ment. Trapping of marten for their fur is a potentially 
major factor affecting mortality and population dynam- 
ics, and trapping effort is driven by a wide range of 

human social-economic factors quite independent of 
habitat conditions. Thus, marten population dynamics 
are highiy variable from year to year, and they are the 
product of variation in weather, food resources, habitat 
conditions, and trapping. 

3.5. Alexander Archipelago Wolf 

Wolf research since 1997 has focused on demog- 
raphy of wolves on the Prince of Wales Island com- 
plex and the interaction of wolf and black-tailed deer 
population dynamics. Results confirm much of what 
was reported by Person et al. (1996) and used in the 
1997 TLMP analyses, but several new findings involv- 
ing home range size and locations, dispersal, mortality, 
and population dynamics have emerged with implica- 
tions for forest management. 

A strong, inverse relation between home range size 
of wolves and the proportion of "critical winter habitat 
for deer" was found (Person, 2001), with larger home 
ranges in areas with little deer winter habitat, appar- 
ently reflecting a need for greater range when deer 
densities are low. Critical winter habitat for deer was 
defined as "productive old-growth forest, <250 m el- 
evation, on southern exposures". Similarly, there was 
a strong positive relation between wolf pack size and 
proportion of deer winter habitat within home range 
(Person, 2001), apparently reflecting grea/er habitat ca- 
pability for wolves where deer densities are high. 

Wolves spent most of their time at low elevation, 
with over 90% of radiolocations below 300 m, regard- 
less of season (Person, 2001). Consequently, migratory 
deer that move to alpine habitat in summer likely re- 
duce their risk of predation relative to that experienced 
by nonmigratory deer that summer at low elevation 
(McNay and Voller, 1995; Person, 2001). Deer herds 
that have access to significant amounts of alpine habi- 
tat, therefore, might be somewhat buffered from effects 
of wolf predation relative to herds in ranges with little 
or no alpine habitat. 

Radio-collared wolves have been found to move 
freely among the islands of the Prince of Wales Is- 
land complex, despite separation by ocean distances 
of up to 4 km (Person, 2001). Person (200 I) suspects 
that the wolves of the Prince of Wales Island complex 
constitute a single breeding population or, possibly, a 
metapopulation. Thus, wolves might shift their ranges 
significantly over time as habitat conditions change, 
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and the absolute number of wolves in a given area may 
be very difficult to determine. 

Humans were the major source of mortality for 
wolves on the Prince of Wales Island complex, account- 
ing for 89% of mortality of radio-collared wolves be- 
tween 1993 and 2000 (Person, 2001). The presence of 
roads had a significant effect on the harvest of wolves. 
Person (2001) estimated the threshold density of roads 
that likely would result in over-harvest of wolves (har- 
vest greater than the productive capacity of the wolves) 
on Prince of Wales Island. They reported that thresh- 
old to be >0.53 km/km 2 in areas connected to the main 
road system of the island and >1.04 km/km 2 in areas 
not connected to the main road system. Human har- 
vest consisted of both legal and illegal harvest (about 
equal amounts of each), so road access may remain a 
significant factor affecting wolf mortality even if legal 
hunting is closed (Person, 2001). 

Person (2001) predicted that the wolf population of 
the Prince of Wales Island complex would decline as 
much as 25% between 1995 and 2045 because of the 
combined effects of past timber harvest and future for- 
est management outlined in the 1997 TLMP. He pre- 
dicted that the population of deer would decline by 
28% during that time, and argued that wolves and deer 
are' subject to "succession debt", wherein the pattern of 
forest succession initiated by past timber harvest will 
have long-term effects on the predator-prey system by 
significantly reducing both the productivity and popu- 
lation size of deer. He argued that currently productive 
populations of deer and wolves are misleading indica- 
tors of future conditions, when young clearcuts will ad- 
vance into closed-canopy, even-aged stands. Silvicul- 
tural management of second-growth forests, therefore, 
would play a major role in future population dynamics 
of wolves. 

3.6. Alternatives to clearcutting 

3.6.1. Bird communities of old-growth forests 
Forest birds were surveyed at three sites (blocks) 

as part of pretreatment measurements in a multidisci- 
plinary study of alternatives toclearcutting (McClellan 
et al., 2000). Sites included Hanus Bay on Baranof Is- 
land (Sitka Ranger District) as the northernmost block, 
Portage Bay on Kupreanof Island (Petersburg Ranger 
District) in central southeast Alaska, and Lancaster 
Cove on southern Prince of Wales Island (Craig Ranger 

District) as the southernmost block. Within each block, 
nine different treatments of logging alternatives wei'e 
planned (McClellan et al., 2000). The pretreatment data 
provided descriptions of bird community structure and 
density in old-growth forests on the Tongass (Table 2). 
Although censused in different years (and thus not di- 
rectly comparable between sites), there were consis- 
tent patterns of bird species density in old growth. For 
example, chestnut-backed chickadee (scientific names 
for birds are in Table 2), golden-crowned kinglet, her- 
mit thrush, Pacific slope flycatcher, Townsend's war- 
bler, varied thrush, and winter wren were consistently 
found in high densities, regardless of site or year. Sim- 
ilar results were found in a survey of research natural 
areas (RNA) by using similar methods (Smith et al., 
2001). Results from the RNA surveys are not directly 
comparable to the McClellan et al. blocks, because the 
RNA surveys involved a mosaic of habitats, including 
forest edge and muskeg, and were censused only once 
in a season. Nonetheless, community composition was 
relatively similar in both studies (Table 2). 

3.6.2. Habitat fragmentation and edge 
Distribution of passerine nest predators and pre- 

dation rates on artificial nests were quantified along 
natural and anthropogenic edges to examine whether 
clearcuts or the edge between recent clearcuts and 
old-growth forests might influence nesting success of 
forest passerines (DeSanto and Willson, 2001). Nest 
predation rates did not differ between clearcut edges 
and natural, wetland edges. Predation rates in clearcut 
edges exceeded those of interior forest, however, when 
clearcuts were near urban areas of Juneau. Elevated pre- 
dation rates near human habitation reflected elevated 
densities of nest predators (e.g., crow, raven, Steller's 
jay). Predation rates on artificial nests were corre- 
lated with densities of common nest predators in an- 
other study in southeastern Alaska as well (Sieving and 
Willson, 1998). Predation rates in clearcuts were high 
and, similarly, were high in old-growth forest adja- 
cent to the clearcuts (DeSanto and Willson, 2001), 
most likely because of high densities of red squirrels in 
both clearcuts and adjacent forests. Red squirrels are 
a common avian nest predator in southeastern Alaska 
(Sieving and Willson, 1998). 

These results indicate that consequences of forest 
edge for nest predation depend primarily on predator 
density in surrounding habitat and that a wide range 
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Table 2 
Bird species and their relative densities (number per hectare, .~ 4- S.E.) at three 
areas (RNA) a 

old-growth forest sites and average of seven research natural 

Species Hanus Bay b Portage Bay b Lancaster Cove b RNA c 

American robin (Turdus migratorius) . 0.05 4- 0.05 0 4- 0 0.01 4- 0.01 
Blue grouse (Dendragapus obscurus) -~ - - 
Brown creeper (Certhia americana) 0.04 4- 0.03 0.48 4- 0.09 0.18 4- 0.09 
Canada goose ( Branta canadensis) - - 
Chestnut-backed chickadee (Parus rufescens) 1.35 4- 0.25 2.01 4- 0.15 1.07 + 0.22 
Common raven (Corvus corttx) 0.04 4- 0.03 0 4- 0 0.08 4- 0.04 
Dark-eyed junco (Junco hyemalis) 0.17 4- 0.09 0.14 4- 0.08 0.01 4- 0.01 
Downy woodpecker ( Picoides pubescens) 0 4- 0 0.01 4- 0.01 0 4- 0 
Golden-crowned kinglet (Regulus satrapa) 0.27 4- 0.10 0.83 4- 0". 15 1.06 4- 0.13 
Hairy woodpecker (Picoides villosus) 0 4- 0 0.09 4- 0.06 0.09 4- 0.05 
Hermit thrush (Catharus guttatus) 0.45 4- 0.08 0.85 4- 0.17 0.51 4- 0.06 
Lincoln's sparrow ( Melospiza lincolnii) - - 
Northern flicker(Colaptes auratus) 0 4- 0 0.01 4- 0.01 0 5:' 0 
Northwestern crow (Corvus caurinus) - - - 
Northern waterthrush (Seiurus noveboracensis) - - - 
Orange-crowned warbler (Vermivora celata) 0.14 4- 0.08 0.01 4- 0.01 0 4- 0 
Pacific-slope flycatcher (Empidonax difficilis) 0.73 4- 0.11 1.89 4- 0.18 2.04 4- 0. I 
Pine grosbeak (Pinicola enucleator) 0.04 4- 0.03 0 4- 0 0 4- 0 
Red-breasted nuthatch (Sitta canadensis) 0 4- 0 0.01 4- 0.01 0.06 4- 0.04 
Red-breasted sapsucker (Sphyrapicus ruber) 0.04 4- 0.04 0.18 4- 0.06 0 4- 0 
Ruby-crowned kinglet (Regulus calendula) 0.36 4- 0.13 0 5:0 0 4- 0 
Rufous hummingbird (Selasphorus rufus) 0.09 4- 0.05 0.01 4- 0.01 0.01 4- 0.01 
Steller's jay (Cyanocitta stelleri) 0 4- 0 0.08 4- 0.05 0.01 4- 0.01 
Swainson's thrush ( Catharus ustulatus) 0 + 0 0 4- 0 0.54 4- 0.20 
Townsend's warbler (Dendrocia townsendi) h 15 4- 0.18 1.5 4- 0.25 1.18 4- 0.13 
Varied thrush (Ixoreus naevius) 0.71 4- 0.13 0.82 4- 0.15 0.96 4- 0.17 
Winter wren (Troglodytes troglodytes) 1.29 4- 0.13 1.73 4- 0.24 1.16 4- 0.20 

0.09 4- 0.04 
0.06 4- 0.03 
0.41 4-0.11 
0.424-0.18 
1.064-0.14 
0.25 4- 0.08 
0.39-t-0.10 

1.344-0.18 
0.09 4- 0.04 
1.684-0.17 
0.184-0.08 
0.03 4- 0.03 
0.47 4- 0.20 
0.06 4- 0.03 
0.29 4- 0.O8 
2.484-0.15 

0.03 q- 0.O3 
0.06 4- 0.03 
0.04 4- 0.02 
0.11 4-0.04 ' 
0.17-t-0.06 
0.63 + 0.09 
0.964-0.12 
1.044-0.11 

Old-growth forest sites include Hanus Bay, Portage Bay, and Lancaster Cove. 
a Not included are raptors (e.g., bald eagle, Haliaeetus leucocephalus), irruptive species (e.g., crossbills, Loxia spp.; siskins, Spinus spp.), 

waterbirds (e.g., oystercatchers, Haematopus bachmani; murrelets, Brachyramphus and Synthliboramphus spp.), or species typically associated 
with deciduous forests (common yellowthroat, Geothlypis trichas; Wilson's warbler, Bqlsonia pusilla; tbx sparrow, Passerella iliaca). 

b Pretreatment data from study of alternatives to clearcutting (McClellan et al., 2000) obtained by 50 m-radius point-count estimates (three 
times per sample): N= 24 at Hanus Bay, surveyed in 1995; N= 27 at Portage Bay, surveyed in 1996; N= 27 at Lancaster Cove, surveyed in 1997 
(source: Toni L. DeSanto, USDA Forest Service, Pacific Northwest Research Station, Juneau, AK, unpublished data). 

c Research Natural Areas encompassed a range of habitats, including muskeg and forest edge, that varied greatly in vegetation cover and forest 
structure. Sampling was by 50 m radius point-count estimates (one time per sample); number of samples differed among the seven arems. All 
research natural areas were surveyed in 1997 (source: Smith et al., 2001). 

o Dashed line indicates none were found. 

o f  predators  may respond  to forest  edge.  Thus,  passer-  

ine c o m m u n i t y  response  to al ternatives to c learcut t ing 

will depend  not only on changes  in food and nest ing 

resources  but also on nest  predat ion rates in relation to 

changes  in the broader  wildl i fe  c o m m u n i t y  itself. 

. 

4. The future management environment 

The m a n a g e m e n t  env i ronment  of  the Tongass  Na- 

tional Fores t  is very di f ferent  today than it was when  

the Tongass  Land M a n a g e m e n t  Plan was being writ- 

ten in 1995-1997,  and it is likely to change  even fur- 

ther in the near- term future. First  and foremost ,  there 

has been a huge  dec l ine  in both the d e m a n d  and har- 

vest  o f  t imber.  Both pulp mil ls  in Sitka and Ketchikan 

have ceased  operat ion and no longer  exist.  The  annual 

cut  f rom the Tongass  has decreased  dramatically.  Na- 

tive corporat ions ,  too, are harves t ing less t imber,  as 

mos t  o f  their  bes t  land has a l ready been harvested,  

and world dem and  for  their  round- log  expor ts  has 

s lackened.  
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Second, the "roadless rule" promulgated in the fi- 
nal days of the Clinton Administration could have ma- 
jor consequences for the geographic pattern of tim- 
ber harvest in the future, if it is indeed implemented 
on the Tongass. If so, then future timber harvest will 
be limited to existing road systems, with two major 
consequences for wildlife habitat: (1) much more of 
the Tongass will remain protected from timber har- 
vest, and issues concerning maintenance of viable pop- 
ulations of endemic species will diminish. Issues of 
annual allowable cut, forest fragmentation, second- 
growth management, and old-growth reserves will not 
be applicable in areas where new roads are prohib- 
ited. (2) The areas currently accessible by road will 
be the only significant areas for timber harvest and, 
therefore, likely could be subject to much more in- 
tensive management than in past or current situa- 
tions. Issues of intensive silviculture of even-aged 
stands and their landscape pattern will play major 
roles in blending timber and wildlife habitat objectives 
there. 

Finally, the past decade has brought a huge increase 
in tourism to southeastern Alaska, and all projections 
are for that trend to continue (Crone et al., this issue). 
Although most tourists travel by cruise ship, shore- 
based tour industries are increasing. The most popular 
tours are flight-seeing by floatplane or helicopter and 
boat tours of marine and near-shore wildlife. In addi- 
tion to organized tours, however, the use of the Tongass 
for recreation in general is increasing each year and is 
expected to increase indefinitely. Popular recreational 
pursuits are hiking, camping, wildlife viewing, fishing, 
hunting, and photography. The net result of the increase 
in tourism is much greater and more widespread use of 
the Tongass by a much more diverse public than has 
ever been the case in the past. 

The changing economy of southeastern Alaska, 
from a timber-dominated use of the Tongass to a 
recreation-dominated use, poses many new challenges 
for forest managers. The five greatest challenges 
for wildlife habitat are the following: (1) increas- 
ing management emphasis on second-growth forests, 
(2) designing conservation strategies regarding old- 
growth forests, (3) finding timber-harvest alternatives 
to clearcutting, (4) managing forest habitats for "sub- 
sistence" harvest of black-tailed deer, and (5) min- 
imizing effects of tourism on sensitive species of 
wildlife. 

The future in southeastern Alaska holds an increas- 
ing emphasis on second-growth, even-aged forests. 
More than 160,000 ha of even-aged forests already ex- 
ist on the Tongass alone, with another 85,000ha on 
Alaska Native corporation lands (Eugene DeGayner et 
al., USDA Forest Service Alaska Region, unpublished 
report based on data in Forest Service files). Most of 
that land is the most highly productive land for tim- 
ber in southeastern Alaska. Silviculture treatments are 
needed to improve even-aged stands for a variety of 
resources--timber, wildlife habitat, and other values 
(e.g., fish habitat, recreation) simultaneously. Addi- 
tionally, some high-priority, multiple-use areas such as 
riparian and beach-fringe forests will likely be a focus 
of intensive management for nontimber values. New 
approaches to even-aged management involving thin- 
ning of older, "commerciar'-aged stands and including 
red alder (Alnus rubra) in new clearcuts are potentially 
on the horizon (Hanley, this issue). However, they cur- 
rently offer only potential, and they need much more 
research before they might be implemented with any 
certainty of results. 

The current conservation strategy regarding old- 
growth forests involves reserves (hundreds to thou- 
sands of hectares), streamside buffers, and beach-fringe 
buffers. New challenges lie in evaluating the effective- 
ness of such reserves and buffers in relation to their 
size, landscape pattern, and geographic distribution. If 
road construction is prohibited from currently roadless 
areas of the Tongass, the importance of large reserves 
will be lessened (because much more of the Tongass 
will become large reserves ipso facto). However, the 
importance of old-growth buffers along streams and 
beach fringe would be intensified with the more in- 
tensive management that will come to the currently 
roaded areas. If road construction into currently road- 
less areas continues on the Tongass, then the ques- 
tions of size and geographic distribution of large re- 
serves will remain an important part of the conser- 
vation strategy for maintaining well-distributed and 
viable populations of all wildlife species. The 1997 
TLMP also relies on long timber rotations (e.g., 200 
years) for providing forests with old-growth character- 
istics in some areas. However, we currently know very 
little about even-aged stands of such age, even though 
they already are naturally widespread throughout the 
Tongass (Nowacki and Kramer, 1998; Kramer et al., 
2001). 
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Although clearcutting will remain a method of tim- 
ber harvest in the future, especially on private lands, 
there will be increasing interest in alternatives to 
clearcutting from both wildlife habitat and aesthetic 
(viewshed),perspectives. Individual-tree selective har- 
vest with helicopter logging may be one alternative. 
New approaches to stand management (e.g., "shel- 
terwood" cuts, small clearcut patches within stands, 
small residual "leave" patches within clearcuts, etc.) 
(McClellan et al., 2000) might be other alternatives. 
Currently, however, all such alternatives to clearcut- 
ting are in early stages of research, and effects remain 
mostly unknown. 

Black-tailed deer are the major wildlife species har- 
vested by both recreational hunters and subsistence 
users in southeastern Alaska, so deer will continue to 
be a focal species of much interest. Current models for 
habitat evaluation and planning are applicable at the 
scale of individual timber stands but are weak or not 
applicable for large-scale, landscape-level analysis in- 
volving landscape pattern (sizes and locations of timber 
stands). A major, challenge for intensive management 

• of the Tongass willbe evaluating and managing forest 
habitat for deer at large spatial scales (e.g., importance 
of alpine habitat in combination with low-elevation 
forests). Coincidentally, the forest service and other 
federal agencies will face increasing needs for data 
and analysis of population dynamics of black-tailed 
deer. The federal role has increased in the manage- 
ment of subsistence harvest on federal lands in Alaska, 
and concerns continue about population viability of the 
Alexander Archipelago w01f. 

Finally, greater number of people coupled with 
greater means of access to remote areas will result in 
increasing conflicts between the growing tourism in- 
dustry and the wildlife habitat it exploits. Most im- 
mediate concern on the Tongass will likely center on 
issues involving perceived effects of helicopter tours 
on mountain goats (Oreamnos americanus) and in- 
creased conflicts between brown bears and humans. 
Concerns about helicopters largely center on ice field 
and glacier tours that occur near prime mountain goat 
habitat. Concerns about brown bears largely center on 
disturbance of bears around streams during salmon 
runs (increased demand for wildlife viewing areas) 
and on increased "defense of life or property" killing 
of bears as human use becomes more widespread and 
common. 

5. Future research, development, and 
application 

The 1997 TLMP wildlife conservation strategy fo- 
cused on management indicator species and old-growth 
reserves (conservation areas, riparian and beach-fringe 
buffers). Since the plan was written, however, there has 
• been growing apprehension about the management- 
indicator-species concept at the national level (new 
forest service planning rules--USDA Forest Service, 
2000) as well as on the Tongass. In fact, several of 
the Tongass management indicator species exemplify 
problems with the concept. Some species have been 
found to have unique problems in either being very 
difficult to monitor (e.g., rare species like goshawk; 
Flatten et al., 2001) or not being as restricted to lim- 
ited habitat as was expected (e.g., flying squirrel; Smith 
and Nichols, 2003). Others are no longer believed 
to be "representative" of more than their own habi- 
tat requirements (e.g., brown bear; Titus and Beier, 
1999). Generally speaking, there are theoretical and 
practical difficulties in using any single species to pre- 
dict the response of other species to forest manage- 
ment at either the stand or landscape levels (Mannan 
et al., 1984; Szaro, 1986; McGarigal and McComb, 
1995). 

Interest in the habitatand population status of many 
of the current management indicator species will con- 

. tinue well beyond the plan itself, however, because peo- 
ple care about particular species for various reasons. 
Current thinking expressed within the new Forest Ser- 
vice planning rules is that such species should be more 
appropriately termed "focal species" rather than "indi- 
cator species". The difference reflects an interest in a 
species in its own right, rather than as an indicator of 
something more than itself. 

While acknowledging that interest in particular, fo- 
cal species will continue, we suggest that future re- 
search, development, and application focus on plant 
and animal communities, as well, and on manage- 
ment of vegetation to achieve specific objectives for 
wildlife habitat. We suggest that such effoi'ts empha- 
size second-growth forests, old-growth reserves, and 
alternatives to clearcutting. Improved models for eval- 
uating black-tailed deer habitat and populations also are 
needed, and some work probably needs to be directed 
at interactions between tourism and selected wildlife 
species. 
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5.1. Second-growth forests 

Much research is needed in second-growth forests, 
both for understory vegetation and for wildlife commu- 
nities. The principal problem regarding understory veg- 
etation is that of promoting a diverse and productive un- 
derstory, especially the herb component. To date, most 
silviculture of even-aged stands in southeastern Alaska 
has been limited to precommercial thinning, and results 
for wildlife habitat have been either undocumented (at 
best) or discouraging. New approaches involving thin- 
ning of older ("commercial"-aged) stands and includ- 
ing red alder in the secondary successional sequence 
might provide significant benefits for wildlife habitat 
(Hanley, this issue). However, much research needs to 
be conducted on both those approaches. Specifically, 
we need research on the autecology of major under- 
story species, especially in relation to light and soil 
environments, and the roles of thinning and red alder 
in modifying the light, soil, and nutrient environments 
of the understory (ibid). We need silviculture prescrip- 
tions (e.g., thinning, pruning, soil disturbance) for mod- 
ifying even-aged conifer stands to create desired un- 
derstory environments and for incorporating red alder 
into even-aged stands. In application, we need large- 
scale, adaptive management studies and demonstration 
projects conducted in partnership between the Tongass 
National Forest and the Pacific Northwest Research 
Station (ibid). 

Very little is currently known about wildlife com- 
munities in even-aged forests of southeastern Alaska. 
Studies of small mammal and bird communities in re- 
lation to stand structure (overstory and understory vari- 
ables) would be an important beginning. Such studies 
would be descriptive and correlative but would provide 
patterns of wildlife community structure in relation to 
habitat structure, which could be a first step toward 
predicting consequences of silviculture treatments. We 
also should seek to understand relationships between 
stand structure and the relative abundance of specific 
habitat features already known as especially important 
for the current management indicator species (flying 
squirrel, American marten, black-tailed deer, Alexan- 
der Archipelago wolf, brown bear, northern goshawk, 
and marbled murrelet) and any other wildlife species of 
special interest. Do such habitat features specific to any 
of the current indicator or focal species also correlate 
with small mammal or bird community structure? 

We need quantitative models for evaluating habi- 
tat quality of even-aged stands for both wildlife com- 
munities and for individual focal species (e.g., poten- 
tial threatened or endangered species and subsistence 
species), and we need identification of specific habitat 
features desirable for maintaining diverse small mam- 
mal and bird communities. Such models and knowl- 
edge would provide the basis for designing silvicul- 
ture prescriptions for wildlife objectives. The applica- 
tion and success of silviculture prescriptions should 
be tested primarily at the scale of timber-management 
stands, primarily through adaptive management stud- 
ies. 

5.2. Old-growth forests 

Understory vegetation of southeastern Alaskan old- 
growth forests has received much mo~:e attention than 
has that of second-growth forests. Community pat- 
terns and environmental relations are fairly well known 
(e.g., Ver Hoef et al., 1988; Alaback and Juday, 1989; 
Hanley and Hoel, 1996; Hanley and Brady, 1997). 
However, most of that work has focused on all-aged 
stands, where the predominant disturbance regime is 
one of high-frequency, low-magnitude events driven 
mostly by windthrow of individual trees or small 
groups of trees and resulting "gap phase" succession 
at a small scale of tens of meters (Brady and Hanley, 
1984). Recent work on landscape pattern of naturally 
occurring old-growth forests in southeastern Alaska, 
however, has shown that old, multi-cohort stands, re- 
sponding to large-scale (landscape level) windstorms 
are very common in the region, with multi-cohort 
stands predominating on wind-exposed slopes and all- 
aged stands predominating on wind-protected slopes 
(Nowacki and Kramer, 1998; Kramer et al., 2001). We 
currently know very little about the community pat-  
terns, environmental relations, and temporal dynam- 
ics of old, multi-cohort stands. Such knowledge, how- 
ever, is very important for planning and managing old- 
growth reserves. Understanding the community struc- 
ture and temporal dynamics of those stands also could 
provide much insight into the validity of assumptions 
inherent in the use of long rotations (e.g., 200 years) 
for providing old-growth forests in the 1997 TLMP. 
We need new models of late even-aged, early "old- 
growth" succession, especially in multi-cohort stands 
(which might be similar to managed stands subjected 
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to periodic thinnings). We need to understand better the 
Shift from even-aged to all-aged stands in order to de- 
sign optimal silviculture prescriptions for older stands. 

The greatest needs for wildlife community research 
within old-growth forests relate to the importance of 
size and landscape distribution of old-growth reserves. ~ 
Barriers to dispersal and potential isolation of popu- 
lations in small, few, or widely scattered reserves still 
pose the same threat to population viability of endemic 
small mammals as when the 1997 TLMP was writ- 
ten. The greatest needs for knowledge about any par- 
ticular species probably concern the flying squ!rrel in 
heavily logged areas of Prince of Wales Island in ar- 
eas where past logging has been extensive. Moreover, 
our knowledge of the occurrence and distribution of 
endemic small mammals on islands of the Alexander 
Archipelago still is small. We especially need greater 
information of small mammal distribution on small is- 
lands potentially subject to intensive logging in the fu- 
ture (>500 and <20,000 ha). Such information needs to 
be developed into guidelines for forest managers. 

5.3. Alternatives to clearcutting 

that forest edges might be associated with elevated pre- 
dation rates of songbird nests in southeastern Alaska, 
depending on predator density. Thus, from both un- 
derstory vegetation and songbird nesting perspectives, 
it appears that very small gaps (on the scale o f  me- 
ters or tens of meters at most, as occur naturally in 
old-growth forests) might be highly desirable, whereas 
larger gaps might be deleteriouS. Other processes of 
interest include dispersal by small mammals, role of 
scale in habitat heterogeneity for animal community 
structure, fruit production in relation to sunlight (and 
size of canopy opening), and snow interception as a 
function of canopy structure. These are only examples; 
the point is that future research focusing on ecologi- 
cal processes affected by gap size and forest edge is 
key to better understanding and management. Implica- 
tions of those processes can provide the basis for pre- 
dicting specific results in the McClellanet al. (2000) 
field study and other such studies conducted as adaptive 
management experiments. With time and effort, we can 
begin designing new guidelines and prescriptions for 

uneven-age stand management and other alternatives 
to clearcutting. 

Alternatives to clearcutting, for timber harvest, 
might become increasingly important in the future if 
the current trends ofdecl?easing timber economy and in- 
creasing tourism economy continue. Recent, retrospec- 
tive studies of individual-tree selection cutting have 
shown that partial removal of overstory might have 
minimal deleterious impacts on the forest understory 
(Kirchhoffand Thompson, 1998; Deal, 2001). A long- 
term experiment comparing various partial-cutting pat- 
terns also is currently underway (McClellan et al., 
2000), although it is currently too early for results. The 
wildlife portion of that study focuses on bird commu- 
nities and is anticipated to yield comparisons between 
treatments and correlations between stand structure and 
bird community structure. 

Research into alternatives to clearcutting should fo- 
cus on the processes involved in community response to 
cutting pattern, especially the role of patch size in veg- 
etation and animal response. For example, Kirchhoff 
and Thompson (1998) and Deal (2001) have shown 
that removal of individual trees by logging probably is 
very similar to the gap phase successional pattern of 
vegetation response to small-scale wind disturbance in 
old-growth forests. DeSanto and Willson (2001) found 

5.4. Black-tailed deer and subsistence harvest 

Black-tailed deer and their habitat have been the fo- 
cus of much research in southeastern Alaska (Hanley 
et al., 1989; Kirchhoff, 1995; Parker et al., 1999). They 
are the principal game species for recreation and sub- 
sistence hunters and are the principal prey species for 
the Alexander Archipelago wolf (Person et al., 1996). 
Current models for evaluating habitat capability for 
black-tailed deer (Hanley and Rogers, 1989; Lowell 
W. Suring, unpublished model on file in Alaska Re- 
gional Office, USDA Forest Service, Juneau) were de- 
signed for the scale of individual timber stands, how- 
ever, and are of very limited applicability to large- 
scale, landscape-level analysis where the combination 
of habitats, their juxtaposition, and topographic distri- 
bution are important factors. The large home ranges 
and seasonal migratory behavior of black-tailed deer 
add to their indicator value in forest planning (Hanley, 
1993, 1996) but require landscape-level analysis. Cur- 
rent models must be expanded to include the additional 
factors associated with large spatial scale and time, as 
Forest Service responsibilities have broadened to in- 
clude population management as well as habitat man- 
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agement for deer. Likewise, analytical techniques and 
models for evaluating population status and trends must 
be developed. Long-term goals should include link- 
ages between habitat and population models and should 
include explicit consideration of hunting harvest and 
wolf predation. That research would ideally be coordi- 
nated with the Alaska Department of Fish and Game, 
which historically has had the principal responsibility 
for population management and currently has active 
research programs in both black-tailed deer and wolf 
ecology. 

5.5. Effects of tourism 

Public concerns about flight-seeing impacts on 
mountain goats have intensified significantly as the 
tourism industry has increased in Alaska. However, 
actual effects, if any, are unknown. The most likely 
impact would be that of scaring mountain goats away 
from favorite habitats, especially those of steep cliffy 
terrain (Fox et al., 1989), thereby decreasing their 
foraging efficiency and increasing their susceptibility 
to accidents or predation by wolves. The consequences 
(currently entirely speculative) would most likely 
affect the probability of success in raising lambs to 
adulthood and, therefore, decrease the recruitment rate 
of the population. Testing such hypothetical relations 
through research, however, would be a difficult 
task as the questions do not lend themselves well to 
experimentation. Mountain goat populations are small, 
restricted in distribution, and not easily accessible. 
Statistical problems involving small sample sizes, 
replication, and accurate measurement of treatment 
effects would be substantial. Nevertheless, the need for 
such research might become sufficient to require it. In 
such case, we suggest that mountain goat research be 
conducted in coordination with the Alaska Department 
of Fish and Game and other interested agencies. 

Similarly, concerns about tourism impacts on brown 
bears are difficult to test experimentally. Salmon play a 
major role in the nutrition, body size, reproductive rate, 
and population density of brown bears (Hilderbrand 
et al., 1999a, 1999b), and disruption of bears from fa- 
vorite salmon-fishing areas could have significant con- 
sequences. However, measuring the effects of distur- 
bance (bear shifts in habitat use and dietary intake) 
in biologically meaningful terms of nutritional conse- 
quences requires substantial costs and effort, especially 

in the dense forests of southeastern Alaska. More- 
over, with increased familiarity with humans at wildlife 
viewing areas, bears become accustomed to humans, 
and consequences of tourism may become nil, with 
some individual bears shying away from close contact 
with humans and other, less shy bears being unaffected 
(Fagen and Fagen, 1994; Olson et al., 1997). Increased 
familiarity with humans, however, also tends to in- 
crease the probability of "defense of  life or property" 
killing of bears that get into mischief in less closely 
regulated areas of human-bear contact. Increased mor- 
tality through such killing of bears must be analyzed 
in the context of population dynamics. This, too, is an 
area of research that would benefit greatly from close 
collaboration with the Alaska Department of Fish and 
Game. 

The goals of both mountain goat and bear research 
concerning, tourism would be guidelines for habitat 
management and development. 

6. Conclusions 

We have' learned that southeastern Alaska has a 
high potential for endemism, with a substantial amount 
of evolutionary diversity already documented in its 
mammal fauna from sampling a small proportion of 
islands and total land area. Many endemic mammal 
taxa are associated with old-growth forest habitat, 
but some species, notably northern flying squirrels, 
are apparently capable of sustaining breeding pop- 
ulations in low-timber-volume, noncommercial, old- 
growth forests. Also, forest-floor species, like the 
southern red-backed vole, may not be as sensitive 
to overstory removal in southeastern Alaska as has 
been reported elsewhere. Moreover, vole populations 
of intensively managed landscapes likely will bene- 
fit from active stand management (i.e., precommercial 
and commercial thinning) of second growth because 
of the benefits to the understory in younger stands and 
the shorter stem-exclusion phase of older stands. Chal- 
lenges of maintaining habitat to sustain viable and well- 
distributed endemic small mammal populations will 
continue regardless of future logging, however, because 
of the legacy of five decades of industrial clearcut log- 
ging. The cumulative impact of clearcut logging on dis- 
persal and isolation of endemic small mammal popula- 
tions has not been examined, nor have we completely 
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documented mammalian taxonomic diversity. Many of  
the small islands and remote portions of  large islands 
have not been adequately surveyed. 

Managing forest habitat to sustain viable and well- 
distributed small mammal populations also has impli- 
cations for the northern goshawk and American marten, 
both of which are likely prey-limited in southeastern 
Alaska. Voles and flying squirrels may represent a rel- 
atively large portion of  the diet of  northern goshawk in 
southeastern Alaska because of the scarcity of  larger 
prey species. Reproduction in marten populations is 
linked directly to rodent abundance. Because Ameri-  
can marten and northern goshawk are old-growth as- 
sociates, a challenge will be managing forest habitat to 
sustain prey populations that are available to each. Ac- 
tive second-growth management probably will benefit 
both marten and goshawk through an increase in small 
mammal populations and by speeding the succession 
of  older second-growth stands toward old-growth con- 
dition. 

Regardless of  the future management environment, 
there is an urgent need to develop sampling proto- 
cols for inventory and monitoring of wildlife popula- 
tions. Without procedures to gather reliable informa- 
tion about the abundance and distribution of wildlife 
populations over time, we will not be able to adequately 
document biological diversity, assess population re- 
sponses to specific management prescriptions, evalu- 
ate conservation strategies, and conduct effectiveness 
monitoring. 

New challenges lie ahead, particularly involving in- 
tensive even-age forest management, old-growth for- 
est reserves, alternatives to clearcutting, black-tailed 
deer habitat/population management, and tourism im- 
pacts on sensitive wildlife species. There is need for 
much research into ecological patterns in plant and an- 
imal community organization, cause-and-effect mech- 
anisms underlying the patterns, and predictive theory 
and analytical modeling. Applications of new knowl- 
edge will be most evident in new guidelines for forest 
management, including new silviculture prescriptions 
for multiple-resource objectives and quantitative tools 
for evaluating consequences of habitat change. We en- 
courage forest managers and scientists to work together 
in testing the application of science through large-scale 
adaptive management studies in partnership between 
the Tongass National Forest and the Pacific Northwest 
Research Station. Other federal  and state agencies, as 

well as private industry (such as Alaska Native corpo- 
rations), also have much to contribute in collaborative 
work. 

The challenges facing the Tongass National Forest 
are significant and important throughout southeastern 
Alaska. They are broad, interdisciplinary, and cross- 
jurisdictional.  The economy of  southeastern Alaska 
and the role of  the Tongass in that economy are chang- 
ing rapidly. The Tong~iss will continue to play a vital 
part in the socioeconomic fabric of  the region, from 
recreation to employment  to subsistence lifestyles. As 
society increasingly turns to science to guide decision 
making, the role of  research becomes ever more impor- 
tant. Collaboration between interested parties is needed 
for the applicat!on of  science to forest management. We 
look forward to the challenges and opportunities that 
lie ahead. 
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Abstract
Substitution of wood formore fossil carbon intensive buildingmaterials has been projected to result
inmajor climatemitigation benefits often exceeding those of the forests themselves. A reexamination
of the fundamental assumptions underlying these projections indicates long-termmitigation benefits
related to product substitutionmay have been overestimated 2- to 100-fold. This suggests that while
product substitution has limited climatemitigation benefits, to be effective the value and duration of
the fossil carbon displacement, the longevity of buildings, and the nature of the forest supplying
buildingmaterialsmust be considered.

Introduction

Forest ecosystems represent important stores of global
terrestrial carbon and are the focus of possible climate
mitigation strategies [1–3]. Along with that stored in
forest ecosystems, carbon can be stored in wood
products in-use and after disposal [4, 5]. Another way
forests could mitigate climate change is through
product substitution, a process whereby products
from the forest substitute for others (i.e. concrete and
steel)which, if used, would result inmore fossil carbon
release to the atmosphere [6–16]. While wood-based
buildingmaterials generally embody less fossil-derived
energy in their manufacture than steel and concrete,
resulting in a net displacement of fossil carbon, its
effectiveness as a climate mitigation strategy depends
on the amount of carbon displaced and its duration.
Current estimates of climate mitigation benefits of
product substitution are generally based on three
critical, often unstated assumptions: (1) the carbon
displacement value remains constant [8–16], (2) the
displacement is permanent and therefore of infinite
duration [12–16] which implies no losses via cross-
sector leakage, and (3) there is no relationship between
building longevity and substitution longevity [10].
Below, each of these assumptions is reviewed.

Although most analyses of product substitution
benefits implicitly assume a constant displacement

value over time [8–16], it is subject to change. Schla-
madinger and Marland [12] hypothesized energy sub-
stitution displacement values increase over time
because of increased efficiencies. For product substitu-
tion, I hypothesize it will likely move in the opposite
direction for three reasons. First, changing manu-
facturing methods impact embodied energy: for
example, as long as it is available, the addition offly ash
could lead to a 22%–38% reduction in embodied
energy required for concrete reducing the displace-
ment value [17]. At the same time, increased proces-
sing of wood to create materials suitable for taller
buildings (e.g. cross laminated timbers) would likely
lead to a lower displacement value given laminated
beams have 63%–83% more embodied energy than
sawn softwoods [9, 17]. Second, the increases in
energy efficiency hypothesized by [12] related to rising
energy costs and recycling [9, 18, 19] and as noted by
[8, 16] would also result in a decrease in product sub-
stitution displacement because the key relationship
involves the difference in emissions and not the ratio
as in energy substitution [20] (see supplemental infor-
mation is available online at stacks.iop.org/ERL/14/
065008/mmedia for detailed analysis of the displace-
ment formula). Finally, changing themix of fossil fuels
used to generate energy can also substantially change
the amount of carbon released per unit energy con-
sumed and if natural gas continues to increase relative
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to coal, as has been observed [21], then the displace-
ment value would likely decline in the future. The
same is true if non-fossil energy sources such as solar,
wind, or hydropower are increasingly used as pro-
jected [22].

One possible mechanism leading to permanent
displacement is that fossil carbon not used by the
building sector is also not used in any other sector in
the future. However, this seems unlikely given carbon
leakage [20, 23–25]. While the rate of product sub-
stitution-related leakage is difficult to estimate (in part
because the form and location of the fossil carbon is
not specifically known), it is unlikely to be zero given
fossil carbon-based fuels are expected to be depleted in
the next 107–235 years [26, 27] (see supplemental
information). Even if these depletion time estimates
are off by centuries, the duration of the displacement is
not infinite and the claim that ‘saved fossil emissions
are forever’ [12] is untenable. I hypothesize that with-
out a mechanism to prevent its use, that fossil carbon
displaced by product substitution will gradually be
released by other sectors andwill not be excluded from
depletion as implied by [10, 12].

The key assumption of no relationship between
product longevity and product substitution longevity
has been asserted [10], but not fully explained. If there
always is a preference for non-wood building materi-
als, then avoiding their use avoids fossil carbon emis-
sions, hence the displacement would continue to
accumulate [20]. However, if wood is preferred then
the use of wood does not necessarily increase cumula-
tive displacement [20]. Despite differences in regional
preferences for wood [28], most if not all assessments
of product substitution tacitly assumewood is not pre-
ferred and that preferences never change. As a con-
sequence, the product substitution store never
saturates and implying there is no negative feedback in
the net cumulative displacement. In all other forest-
related carbon pools, a negative feedback exists
between pool size and output (i.e. they are donor con-
trolled systems): the larger the pool size, the larger the
output flow. This causes these pools to saturate in time
as long as the input remains constant. It is striking that
this behavior is true for wood products, but not for
product substitution (see supplemental information).
In [12] product and energy substitution are treated the
same. However, I believe they are quite different. In
the case of energy, once energy is used it does not have
a lifespan or store per se. However, in the case of wood
products when the product lifespan is exceeded it has
to be replaced with either wood-based or some other
materials. If it is the former, the fossil carbon displace-
ment continues, but does not necessarily increase [20]
(see supplemental information). If it is the latter, the
fossil carbon that was displaced is released to the
atmosphere [20]. I therefore hypothesize that when
wood is or becomes the preferred building material
the product substitution pool has a negative feedback
directly related to building longevity.

The objective of this study is a sensitivity analysis
of these three assumptions and their impact on pro-
jected climate mitigation benefits. In addition to
examining each assumption separately, I examined
how they might work together to determine whether
product substitution carbon benefits eventually
become as large relative to the forest ecosystem and
harvested materials as previous analyzes suggest
[10–15]. To perform this analysis I used a relatively
simple landscape model assuming an idealized, regu-
lated system and focused on conditions in which
product substitution benefits would be highest (i.e.
clear-cut harvest, high manufacturing efficiency, and
maximum use of products in buildings). The cases
examined are therefore illustrative of the kinds of
behavior the assumptions create, but not an exhaus-
tive analysis of all forest ecosystems, management or
manufacturing systems. Nor does the analysis try to
identify the most likely values of displacement factors,
carbon leakage, or product lifespans: e.g. [29, 30].

Methods

Each of the three assumptions was examined individu-
ally and then jointly for three contrasting initial
conditions using a simple landscapemodel1 that tracks
the stores for the live, dead, and soil carbon pools in
the forest ecosystem, the products in use and disposal,
and the virtual carbon stores associated with product
substitution. Each of these pools was modeled as a
simple input–output, donor controlled sub-model
following first order dynamics inwhich the outputwas
regulated by a rate-constant describing the fraction
lost per year. For product substitution, the fossil
carbon displaced was the input, and losses were
associated with use of fossil carbon by other sectors
(hereafter called leakage losses) and those associated
with the replacement of wooden buildings (hereafter
called replacement losses). All simulations were con-
ducted for a 300 year period as in [8] using a 50 year
harvest cycle.

Displacement decline
In this set of simulations I assumed no losses
associated with leakage or building replacement. The
initial displacement value of 2.1 Mg C per 1 Mg C
wood use [20] was reduced by 25%, 50% and 100%
over either a 25, 50, or 100 year period. The 100%
decline represents the possibility that fossil carbon will
be completely replaced as a source of energy in the
location of manufacture. As a control, the displace-
ment valuewas assumed to not decline.

1
A more complete description of the model and parameters are

available as supplemental information online.
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Leakage losses
In this set of simulations I assumed the displacement
value remained 2.1 Mg C per 1 Mg C wood use and
there were no losses associated with building replace-
ment. To examine the sensitivity of substitution
benefits to cross-sector leakage, I simulated five
possible scenarios: (1) no leakage, (2) 12%, (3) 6%, (4)
3%, (5) 1.5%, (6) 0.75, and (7) 0.375% yr−1. In these
scenarios leakage via other sectors was assumed to be
continuous and not a one-time phenomenon. While
expressed as a constant percentage lost per year, these
values imply depletion times ranging between 25 and
800 years, which are 71%–340% of the currently
estimated range of 35–235 years [26, 27].

Replacement losses
In this set of simulations I assumed the displacement
value remained 2.1 Mg C per 1 Mg C wood use and
there were no losses associated with cross-sector
leakage. I varied the average building life-span to be
25, 50, 100, and 200 years, which bracket current
estimates2. To provide a comparison to past studies, I
reduced replacement losses to zero since this para-
meterization mimics the consequences of assuming
no relationship between building longevity and
product substitution longevity (see supplemental
information).

Overall effect
To assess the overall effect of product substitution
assumptions I examined a clear-cut system for three

possible initial conditions: (1) an old-field planted to a
production forest, (2) a production forest that origi-
nated from an old-growth forest landscape that began
conversion 100 years ago, and (3) an old-growth forest
converted to a production forest. In each case I
assumed that 65% of the live carbon would be
harvested, that 75%of that harvest would be converted
into buildings. To explore the sensitivity of the
assumptions on their overall impact I used the
displacement and leakage loss parameter values that
gave the minimum, median, and maximum effect
based on the earlier simulations. In the case of
replacement losses, I assumed an average building
lifespan of either 50 years, 100 years, or an infinite
number of years. The various combinations resulted
in 47 simulations per initial condition. The model
parameterization was based on a productive forest in
the Pacific Northwest, a major source of wood
buildingmaterials andUS carbon stores [31].

Results

Displacement decline
There was a direct relationship to the total product
substitution virtual store and the degree displacement
declined, although the faster the decline in the
displacement, the lower the final value (figure 1). For
example, a 25%decline in 25, 50, and 100 years led to a
final reduction in the product substitution virtual store
of 24.3%, 23.6%, and 22.3%, respectively. This
suggests that while the timing of the decline had an
effect, themajor response was to the level. The product
substitution virtual store saturated only for the cases in
which displacement went to zero and even if this took
100 years, product substitution stores estimates at
300 years were reduced by≈89%.

Figure 1.Accumulation of product substitution carbonwhen displacement is reduced 25%–100%over a 25–100 year period for a
50 year clear-cut harvest interval. For these simulations losses via leakage and replacement were zero3.

2
Estimates of housing longevity are highly variable with exponential

rate-constants ranging from 0.0069/y to 0.03/y [12–16]. In some
cases building longevity has been modeled as a step function, with
rapid losses after 80 years [10–11]. These estimates give an average
lifespan or turnover time of 33–144 years. I explored a range of 25 to
200 years to bracket this uncertainty. Note that the average lifespan
is not the same as themaximum lifespan of buildings: for an average
lifespan of 50 years, themaximum lifespanwould be over 230 years.

3
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Leakage losses
Regardless of the time required for cross-sector leakage
to occur, this process substantially limited the product
substitution virtual store relative to the case without
leakage (figure 2). With a leakage as low as 0.375% yr−1

(≈one-third the current estimate of the minimum
depletion rate [27]) the store at 300 years was ≈40%
lower thanwhen therewas no leakage. If the leakage rate-
constant was 12% yr−1, then≈97% less would be stored
relative to the no leakage scenario. Moreover, if the
current range of depletion times (i.e. 35–235 years) is
correct, then cross-sector leakage would reduce the
estimates by 78%–96%. This indicates that leakage via
other sectors may substantially undermine any attempt
to displace fossil carbonusingproduct substitution.

Replacement losses
For an average building longevity of 50 years the
product substitution store at 300 years was ≈17% of

that of the case in which product substitution behaved
as if it had infinite lifespan (figure 3). Even when
average building lifespan was 200 years, this store at
300 years was ≈52% that of when product substitu-
tions behaved as if they had an infinite lifespan. This
indicates that assuming no relationship between
product substitution lifespan and building lifespan
overestimates benefits.

Overall effect
Product substitution, estimated using past assump-
tions regarding displacement decline, leakage, and
relationship to building longevity, increased for each
initial condition; increasing the most when old-
growth forests were harvested (figure 4). When alter-
native assumptions about product substitution were
used, the shape of the product substitution accumula-
tion curve varied: generally increasing for the old-field
conversion to an asymptote, decreasing or increasing

Figure 2.Accumulation of product substitution carbonwhen the time for displacement to be lost via leakage varies from25 to
800 years for a 50 year clear-cut harvest interval. Displacementwas assumed constant and replacement losses zero3.

Figure 3.Accumulation of product substitution carbonwhen the average longevity of building varies for a 50 year clear-cut harvest
interval. For these simulations displacementwas constant and therewere no leakage losses3.

4
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to an asymptote for the plantation system depending
on replacement assumptions, and for most combina-
tions reaching a peak at 10–40 years for the old-growth
forest converted to a plantation scenario. This analysis
indicates that to increase the overall amount of carbon
stored in the system, that conversions of old-growth
forests in the Pacific Northwest to plantations should
be avoided, whereas creation of plantations on old-
fields should be encouraged. Moreover, existing plan-
tation systems are unlikely to increase their carbon

stores unless building longevity is substantially
increased (figure 4(e)).

Regardless of the initial conditions, product substitu-
tion was lower when alternative assumptions regarding
displacement decline, leakage, and relationship to build-
ing lifespan were used, ranging from virtually zero to
80% of the past assumptions at year 300 depending on
the parameter values assumed (tables S-2 to S-4). At the
very least this suggests product substitution estimates are
extremely uncertain.However, 85%of the 141 combina-
tions examined were <50% than currently estimated.
Those few exceeding 50% involved the assumption that
substitution replacement losses were zero (i.e. an infinite
lifespan) and had either an unrealistically low rate of

Figure 4.Accumulation of ecosystem, products in-use and disposed, and product substitution carbon stores for a 50 year clear-cut
harvest interval in the PacificNorthwest for three possible scenarios: a plantation forest established on an agricultural field (A), (D); a
production forest system that is continued (B), (E); an old-growth forest replaced by a forest plantation (C), (F). For past assumptions
there was no decline in displacement value, therewas no leakage, and buildings were assumed to have an infinite lifespan3,4.

3
Seefigures S-7 to S-10 for detailed view of thefirst 50 years.

4
See supplemental text and figure for similar results for a productive

SoutheasternUS forest.
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leakage (i.e. less than one-third that indicated by the
maximum depletion time) or a minimal decline in dis-
placement. Moreover, although past assumptions would
indicate product substitution forms a large share of car-
bon stores at year 300 (74%–80% depending on the
initial conditions), 90% of the alternative combinations
examined indicated it was less than 50%. The combina-
tions in which product substitution stores comprise the
majority share of stores assumed an infinite lifespan and
either minimal displacement decline or extremely low
cross-sector leakage rates (tables S-2 to S-4).

Discussion

Past analyses suggest product substitution benefits at
the landscape level continue to increase at a constant
rate into the future [6–16]. Moreover, they imply that
while a carbon debt can be created in some situations
(e.g. harvest of primary forests), that this debt is
eventually paid back via product substitution
[10, 12, 32]. While I examined only a few illustrative
cases, in the case of product substitution, these debts
would not be paid back if the displacement declines or
there are losses via cross-sector leakage or related to
product replacement. That is because negative feed-
backs associated with losses can prevent product
substitution from accumulating forever. These nega-
tive feedbacks could exist regardless of the forest
ecosystem, the harvest system, and the efficiency of
processing harvests into products as well as the
proportion allocated to buildings. Thus, while I did
not examine the effect on a wide range of ecosystems,
or alternative harvest systems, or systems in which
buildings are minor faction of harvested carbon, these
underlying relationships would not be altered for these
new situations4.

The assumption that the product substitution
benefit has no losses (e.g. [10]) results in at least two
sets of untenable predictions: (1) if fossil fuel carbon
is stored each time a wooden building is con-
structed, then theoretically it would be possible for
fossil fuel carbon to be stored long after this carbon
has been depleted by other sectors; hence this
assumption may violate the conservation of mass;
(2) this assumption also views the following as the
same: (a) harvest that completely replaces wood
building losses, (b) harvest that does not replace
wood building losses, (c) harvest that exceeds wood
building losses leading to more wood buildings, and
(d) wood buildings that are not replaced. These
cases clearly differ [20] (see supplemental informa-
tion). This assumption also introduces a logical
inconsistency: products appear to have different
lifespans depending on whether their direct carbon
(finite) or substitution carbon (infinite) effects are
being considered (figure S-4).

Although displacement decline over time influ-
ences the accumulation of product substitution bene-
fits, its effect is smaller than leakage or replacement
losses. In contrast, leakage loss has as dramatic effect as
longevity even if it occurs at a very slow rate implying
the effect of product substitution is to delay eventual
fossil carbon release, but not to stop it altogether. This
may be important because it buys time, but this is not
the same as the displaced fossil carbon never being
released as suggested by [10, 12].

Collectively the past assumptions commonly used
to assess the mitigation benefits of product substitu-
tion lead to a carbon pool that does not saturate caus-
ing the product substitution pool to eventually exceed
the carbon stores in the forest ecosystem and in the
associated wood products. Moreover, because there
are no losses from the products substitution pool, its
highest rate of increase occurs for the harvest interval
providing the highest yield, typically a very young age
relative to the forest ecosystem carbonmaximum [32].
With no relationship to building longevity, there is no
relationship to the size of the wood products pool
despite the fact that more wooden buildings would
implymore success in displacing fossil carbon. Finally,
this set of assumptions makes product substitution
benefits relatively insensitive to the initial conditions
of the forest ecosystem because product substitution
benefits always increase over time.

The alternative set of assumptions explored here
suggests that the highest overall climate mitigation
may not necessarily be achieved by maximizing the
harvest yield using short rotation forestry [33]. More-
over, if product substitution is the primary climate
mitigation strategy, wood building materials need to
keep their carbon advantage by maintaining or
increasing their displacement value. This suggests
that while wood can be used in buildings taller than
the general current practice, this may have less miti-
gation value than anticipated if these materials
embody more fossil energy than current wood-based
materials. Given the strong potential relationship
between building and product substitution longevity,
increasing the life-span of buildings or reusing build-
ing materials could potentially help meet future
demand and increase mitigation benefits. Without a
policy to assure that fossil carbon displaced by one
sector is not used by another sector, product sub-
stitution benefits could be quite limited. While it is
unlikely any policy could completely eliminate cross-
sector leakage, designating long-term reserves might
delay releases until their climate impacts are reduced
to acceptable levels.

Conclusions

Despite its general and limited nature, this sensitivity
analysis found that product substitution benefits
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have likely been overestimated for many scenarios
and are generally smaller than those related to the
forest ecosystem and their derived products. This
new analysis suggests that if product substitution is to
be used as part of a climate mitigation strategy, then
more attention will have to be paid to maintaining
the amount of carbon displaced, reducing the rate of
carbon cross-sector leakage, and increasing the long-
evity of buildings. This new analysis also suggests that
the best strategy for forest-related climate mitigation
for an important timber region, the Pacific North-
west, is largely determined by the initial conditions of
the management system. Afforestation leads to an
increase in carbon stores in the ecosystem, wood
products, and substitution benefits formany decades.
On existing production forests, substitution benefits
could be maintained by continuing the current
system or increased by harvesting more (but only as
long as ecosystem carbon stores do not decline) and/
or increasing the longevity of buildings. Conversion
of older, high carbon stores forests to short rotation
plantations would over the long-term likely lead to
more carbon being added to the atmosphere despite
some of the harvested carbon being stored and
production substitution occurring [33].
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Introduction 

In 2010 the Forest Service announced a Transition Framework for the Tongass National Forest, 
proposing a “new path forward in the region that enhances economic opportunities to 
communities while conserving the Tongass National Forest.” 
 
This important announcement, from an agency historically focused on the production of old 
growth timber, recognized the decades-long decline of the timber industry in southeast Alaska 
and the subsequent rise of other economic sectors, such as tourism and fishing, which rely on 
intact and pristine Tongass National Forest resources.  
 
The Transition Framework sought to support the well-being of the region’s communities and 
economy by shifting to young growth harvests and restoration as well as investing more heavily 
in other program areas like recreation, wildlife, fish, and watershed protection.  
 
This report examines whether such a transition has begun. It provides detailed budget and 
staffing information for the Tongass National Forest, examines how these resources were used 
programmatically, and reviews whether there has been a shift in budget and staffing in line with 
the proposed Transition Framework.  
 
The report also explores whether Tongass National Forest resources now are being utilized to 
support significant and promising southeast Alaska economic sectors; and whether the Tongass 
National Forest timber program has moved beyond a historic emphasis on harvesting old growth 
timber and below-cost timber sales.  
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Executive Summary 

In 2010 the Forest Service announced a new direction for the Tongass National Forest.  Called 
the “Transition Framework,” the Forest Service proposed a “new path forward in the region that 
enhances economic opportunities to communities while conserving the Tongass National 
Forest.” 
 
Four years since this commitment, it is fair to ask if a transition is in fact occurring, and whether 
it is improving economic opportunities for communities in southeast Alaska. To understand if 
change is taking place, this report examines the Tongass National Forest budget and staffing, as 
well as the economy of southeast Alaska and proposed timber sales.  
 
Summary Findings: 
 
• The Tongass National Forest has made no meaningful shift in its budget and staff allocations 

since announcing the Transition Framework in 2010.  
 
• The Tongass National Forest continues to invest disproportionately in a timber industry that 

provides relatively few jobs while neglecting more economically important industries to the 
region such as tourism and fishing.  

 
• The Tongass National Forest remains predominantly focused on old growth harvests at a 

significant cost to U.S. taxpayers.  
 
More Detailed Findings: 
 
Tongass National Forest Has Failed to Shift Resources from Timber Program 

The Tongass National Forest budget and staffing were examined in detail because they provide 
an indicator of agency priorities. Forest Service spending on timber continues to account for the 
largest portion of the Tongass National Forest budget—roughly 34 to 45 percent of the budget. 
Since the transition was announced, expenditures on timber production show no particular trend, 
though timber’s share of the overall budget has increased. Despite overall staff cuts on the 
Tongass National Forest from FY2011 to FY2013, timber FTEs have largely held steady.  
 
Recreation budget expenditures fell during the analysis period, though they were partially offset 
by increases in recreation receipts. In 2014 the Tongass National Forest announced its intention 
to enact future budget cuts in the recreation program—despite growing public demand for 
recreation activities on Forest Service lands. From FY2011 to FY2013, recreation staff declined 
more than any other major program on the Tongass National Forest, falling from 60 to 47 FTEs.  
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Tongass National Forest Budget by Program, Share of Total, FY2009 to FY2013 and 5-Yr. Avg. 

Source: U.S. Forest Service 

Tourism and Fishing, Rather than Timber, Drive Southeast Alaska Economy 

The southeast Alaska economy is no longer driven by the timber industry, which has steadily 
declined as a share of all private sector jobs. From 1998 to 2012, according to the U.S. 
Department of Commerce, regional timber jobs declined by more than 80 percent (-982 jobs), 
while all other private sector jobs grew by nearly seven percent (+1,384 jobs).  

Private Sector Employment Trends, Timber vs. All Other, Southeast Alaska, 1998 to 2012

 

Source: County Business Patterns 
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In addition to a declining number of jobs, economic data from all sources indicate that timber 
industry employment in southeast Alaska today is small proportion of the regional economy. 
According to the U.S. Department of Commerce, regional timber industry jobs accounted for 1.1 
percent of total private employment in 2012. An additional 41 self-employed individuals worked 
in the timber industry in 2012, or 0.5 percent of all self-employed people in the region—for a 
combined 0.9 percent of all private jobs and self-employed in southeast Alaska.  

Private Sector Timber Jobs & Self-Employed vs. All Other Private Sector Jobs & Self-Employed, 
Southeast Alaska, 2012 

Source: County Business Patterns, Nonemployer Statistics

By comparison, the two largest private sectors in the region’s economy—the tourism and fishing 
industries—are growing. Southeast Conference reports that in 2013:  

• The southeast Alaska visitor industry employed 6,707 people, is growing (+332 jobs, 5.2% 
change from 2012 to 2013), and accounted for 15 percent of total regional employment. 

• The southeast Alaska seafood industry employed 4,252 people, is growing (+148 jobs, 3.6% 
change from 2012 to 2013), and accounted for nine percent of total regional employment.  

The tourism and fishing industries both rely on land and water resources managed by the 
Tongass National Forest and directly benefit from enhancements to natural resource health, 
along with services and infrastructure provided by the Forest Service. Activities that degrade the 
pristine nature of the land, such as old growth harvesting, are likely to have adverse impacts on 
these important regional industries.  

Narrow Focus on Old Growth Timber Sales with Subsidies Persists 

Since the Transition Framework announcement, 87 percent of timber sales proposed by the 
Tongass National Forest have been old growth by volume. Timber sales have consistently cost 
much more to prepare, access, and administer than the federal government receives for the 
timber. The net loss to the U.S. taxpayer has ranged from $489 to $1,132 per thousand board 
feet—or more than $100 million—during these years.   

 30,197   281  

All Other Timber 
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Tongass National Forest Timber Sale Revenues and Costs, FY2009 to FY2013 and 5-Yr. Avg.  

Source: Costs are from the budget table in this report; revenues and cut volume are from U.S. Forest Service Cut and 
Sold reports.  

Earlier this year, the Forest Service awarded a 97-million board foot timber sale contract as part 
of the Big Thorne Project that was reportedly worth more than $6 million. But at the FY2013 
average Tongass National Forest cost of $595 per MBF, the preparation and administration costs 
of the sale would be more than $57 million, with a net cost to the U.S. Treasury of $50 million—
a nearly 10:1 expense-revenue loss ratio. 

In summary, the allocation of scarce Tongass National Forest budget and staff resources to a 
minor economic sector represents a large opportunity cost for the regional economy: these 
resources could be repurposed, using the logic of the Transition Framework, to larger and more 
vibrant industries that support more jobs and communities in southeast Alaska. The casualties of 
this failure to seize a more promising economic trajectory are southeast Alaska’s businesses and 
communities, as well as the U.S. taxpayer. 
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Methods 

Forest Service Data 

We requested budget and staffing data for the Tongass National Forest from the Forest Service’s 
Region 10 Regional Office for the past five fiscal years—FY2009 through FY2013. In response, 
the Regional Office required the submission of two Freedom of Information Act requests for 
these and supplemental data.  
 
We received FY2009 through FY2013 budget data. We also received FY2014 data, but these 
data were preliminary and incomplete, and thus are not used in this analysis. In addition, because 
the budget data did not include recreation-related mandatory spending accounts (as discussed 
below), we identified recreation fees retained and used by the Tongass National Forest in its 
annual Recreation Program Fee Accomplishment Report and included these funds in the Total 
Budget as well as under the Recreation Accounts in calculations. Be aware that the Total Budget 
exceeds the total of the accounts shown, since many programs (e.g., land management planning, 
wildland fire management) are not shown in the summary table in this report.  
 
In one fiscal year (FY2009) the Tongass National Forest budget was significantly larger than in 
subsequent years. This may have been due to short-term or one-time American Recovery and 
Reinvestment Act funding (see CRS Report 40537), but this was not verified. Requests to the 
Region 10 Regional Office for clarification and review on this and other topics were not 
responded to.  
 
As noted, we also requested workforce data for the past five fiscal years—FY2009 through 
FY2013. We received data only for three fiscal years (FY2011 through FY2013). The data are 
measured in FTEs, full-time equivalents; this aggregates part-time and temporary employees to 
the equivalent of full-time employees, to reflect total workloads. The data include total FTEs for 
the Tongass National Forest and for each of the categories used for the budget allocation. 
 
Budget Explanation 

A significant portion of the Tongass National Forest annual budget is from mandatory spending 
accounts. As a result, it is important to understand the distinctions between annual appropriations 
and mandatory spending.  
 
All federal spending comes from appropriations enacted by Congress. The majority is from 
annual appropriations, enacted in one of 10 annual appropriations acts. Forest Service annual 
funds are provided in the Interior, Environment, and Related Agencies Appropriations. The 
Forest Service funds are provided in four major accounts: Research; State & Private Forestry; 
National Forest System; and Construction; plus several minor accounts. Within each account, 
Congress provides details for the spending, both through budget line items and through written 
direction. For the Forest Service, such congressional guidance rarely provides funding direction 
for specific national forests. The agency’s Research Branch administers research appropriations 
to research stations.  State & Private Forestry funds are for assistance programs administered by 
the Forest Service Regional Offices, except in the Northeast Area.  
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National Forest System and Construction appropriations are provided in numerous budget line 
items to each national forest through the regional offices. In general, the budget line items 
correspond to the various agency programs, such as timber, recreation, range management, 
watershed and wildlife protection, etc. A comprehensive list and description of each budget line 
item is included in the agency’s annual budget justifications (available through the Forest 
Service’s website, http://www.fs.fed.us/aboutus/budget/). 
 
In addition to the annual appropriations, Congress has enacted laws that provide funding for 
specific purposes, funded from specified sources. These are commonly called permanent 
appropriations or mandatory spending. The term “trust fund” is also used occasionally, but this 
often leads to misconceptions, since in federal parlance, “trust fund” indicates the disposition of 
interest on the balance in the account, and does not indicate whether the money is available with 
or without an annual appropriation.  
 
The Forest Service has numerous mandatory spending accounts. They are shown in the agency’s 
annual budget justifications to Congress (see above), although this is not required since the 
accounts do not need annual appropriations. (The history and purposes of Forest Service 
mandatory spending accounts are described in more detail in CRS Report RL30335.) The Forest 
Service often includes some, but not all, of its mandatory spending accounts in reported budget 
data. 
 
Many of the Forest Service mandatory spending accounts have been funded from timber sale 
receipts; their magnitude and relative importance have declined with the widespread decrease in 
Forest Service timber sales since 1990, but many still provide substantial funds for agency 
operations. In recent years, Congress has created mandatory spending accounts funded from 
recreation fees, and their magnitude and importance have been increasing. 
 
Program Categories 

The categories we use to show the Tongass National Forest budget and staffing allocations 
generally include more than one account—one or more budget line items of annual 
appropriations and one or more mandatory spending accounts. For a description of acronyms that 
follow, see the Appendix at the end of this report.  

 
Timber includes two budget line items—NFTM, Forest Products; and CMRD, Roads Capital 
Improvements & Maint—and three mandatory spending accounts—CWKV and CWK2, K-V 
Projects; RTRT, the Reforestation Trust Fund; and SSSS, Salvage Sales. Forest Products is the 
budget line item used to pay for timber sale preparation and administration. Road Construction 
and Maintenance is substantially for timber access. (See below) To the extent that some road 
construction and reconstruction is for other purposes (recreation, administration, etc.), this may 
overstate total timber expenditures on the Tongass National Forest. The Knutson-Vandenberg 
(K-V) Fund is a mandatory spending account funded from timber sale receipts for reforestation, 
timber stand improvements, and mitigation and enhancement of other resources in timber sale 
areas. The Reforestation Trust Fund is another mandatory spending account, funded from tariffs 
on imported wood products for reforestation and timber stand improvements. The Salvage Sale 
Fund is a third timber-related mandatory spending account. It is funded from the receipts of 
designated salvage sales for preparing and administering further salvage sales.  
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Some would doubtless dispute all these costs as entirely timber-related. For example, roads are 
used for other purposes, and thus some would attribute road costs to other resources. However, 
timber has been the primary reason for road building in the national forests; the primary purpose 
for road construction, reconstruction, and maintenance is no longer reported, but even in the 
years of relatively low timber sale levels since 1990, more than 90 percent of new roads and 
more than 80 percent of road reconstruction was for timber removal. (CRS Report 97-706)   
 
Similarly, attributing reforestation costs to current timber sales could be disputed. The U.S. 
Internal Revenue Service (IRS) generally prohibits private landowners from such expensing of 
reforestation costs, and requires them to capitalize the costs for deduction from future income. 
However, the National Forest Management Act of 1976 (NFMA; 16 U.S.C. 1600, et al.) 
mandates reforestation within five years of timber harvesting in the national forests, making 
reforestation a requirement of harvesting. Furthermore, private landowners would expense 
reforestation costs if the IRS allowed it, because it would reduce taxable income without altering 
cash flow. Thus, it seems appropriate to include reforestation as a cost of timber harvesting. 
 
Recreation includes four budget line items—NFRW, Recreation, Heritage, & Wilderness; FDRF, 
Deferred Recreation—Recreation; CMTL, Trails Capital Improvements & Maint; and Recreation 
Receipts. The first three of these accounts clearly relate to various aspects of recreation in the 
national forests. The fourth, Recreation Receipts, is not shown in the budget data received from 
the Regional Office, but is clearly both an income from and expenditure on recreation 
management activities. As noted above, these data are from the annual Tongass National Forest 
Recreation Program Fee Accomplishment Report. 
 
Wildlife and Fish includes one budget line item—NFWF and NFWF Subsistence, Wildlife & 
Fisheries Habitat Mgt. NFWF Subsistence, which is combined with NFWF in the Tongass 
National Forest budget allocations, provides support for Native American subsistence uses of 
wildlife and fish. 
 
Watershed Protection includes two budget line items—NFVW, Vegetation & Watershed 
Management; and CMLG, Legacy Roads &Trails. The first item includes activities to protect 
and improve watershed conditions, such as reforesting sites after wildfires and landslides. 
Legacy Roads and Trails is an account created by Congress to provide for reconstructing or 
obliterating roads and trails that were in poor condition due to lack of planning (e.g., roads 
created by recreation users, without planning and engineering) or inadequate maintenance.  
 
Examining the Legacy Roads &Trails retrospectively, it could be considered a timber account, 
since many of the roads were used for timber harvesting. However, examining the line item 
prospectively, it is a watershed protection account, since the intent is to halt or prevent watershed 
damages from roads (and bridges and culverts) in poor condition. To the extent that timber roads 
are the cause of poor road conditions, the inclusion of Legacy Roads funding as watershed 
protection understates the expenditures related to timber harvesting in the Tongass National 
Forest. 
 
Other Accounts are also included in the Tongass National Forest budget allocations, but are not 
shown in the budget table in this report. Some of these accounts are for other resource purposes 
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(e.g., NFMG, Minerals & Geology Management; and NFRG, Grazing Management) or for 
purposes that support all resources (e.g., NFIM, Inventory & Monitoring; CMFC, Facilities 
Capital Improvements & Maint; and WFWF, Wildland Fire Management). Hence, the total 
annual Tongass National Forest budget allocation exceeds the sum of timber, recreation, wildlife 
and fish, and watershed protection. 
 
The Tongass National Forest budget allocation data do not show all the Forest Service 
expenditures on the Tongass National Forest. The budget allocation tables in this report include 
many, but not all, of the mandatory spending accounts. The largest timber-related accounts—the 
K-V Fund, the Salvage Sale Fund, and the Reforestation Trust Fund—are shown, but other 
timber-related accounts—Cooperative Deposits, from purchasers for post-sale road restoration; 
and Brush Disposal, from timber purchasers to dispose of slash (tree tops and limbs, and 
unusable trees) from the sale—are not presented in the budget allocations. It is possible that the 
brush disposal account is not used on the Tongass National Forest, since its use is not required, 
but the Forest Service has always treated brush disposal funds differently from other accounts, 
even though the authorizing language is quite similar. On the other hand, cooperative road (and 
other cooperative) deposits of $264,711 are shown under receipts in the “Tongass Financials” 
table on page 11 of the State of the Tongass National Forest FY2013 (USFS Report R10-MB-
786), but they are not shown in the budget allocation tables. (The State of the Tongass report is 
not used for this budget analysis because it shows deposits to mandatory spending accounts as 
revenues, but does not show expenditures from any of these accounts as expenses.)  Thus, it 
seems likely that the Tongass National Forest budget presented in this report understates timber 
expenditures. 

 
In addition, three recreation mandatory spending accounts were not included in the budget 
allocation tables received from the Forest Service. The Federal Land Recreation Enhancement 
Act (FLREA) authorizes the Forest Service (and other federal agencies) to collect and retain 
certain recreation fees, and spend them on certain types of projects. (See CRS Report RL33730) 
Because of their significance—more than $3 million collected annually since FY2010—some 
estimate of the relevant expenditures was warranted. For this report, recreation receipts shown in 
the annual Tongass National Forest Recreation Program Fee Accomplishment Reports were 
included to estimate the expenditures from these mandatory spending accounts.  
 
Fiscal Year 

The federal government fiscal year is the accounting period that begins on October 1 and ends 
on September 30. The fiscal year is designated by the calendar year in which it ends; for 
example, FY2013 begins on October 1, 2012 and ends on September 30, 2013.  
 
Regional Definition 

In this report “southeast Alaska” refers to the following Boroughs and Census Areas: Haines 
Borough AK, Hoonah-Angoon Census Area AK, Juneau City and Borough AK, Ketchikan 
Gateway Borough AK, Petersburg Census Area AK, Prince of Wales-Hyder Census Area AK, 
Prince of Wales-Outer Ketchikan Census Area AK, Sitka City and Borough AK, Skagway 
Municipality AK, Skagway-Hoonah-Angoon Census Area AK, Wrangell City and Borough AK, 
Wrangell-Petersburg Census Area AK, and Yakutat City and Borough AK.   
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The Evolution of the Tongass National Forest “Transition Framework” 

On May 26, 2010 Agriculture Secretary Tom Vilsack proposed to “chart a new path forward in the region 
that enhances economic opportunities to communities while conserving the Tongass National Forest.” 
The Secretary announced a “Transition Framework” designed to create jobs and community stability 
through a new emphasis on “forest restoration, renewable energy, tourism and recreation, subsistence, 
fisheries, and mariculture.” He also proposed “a new approach to forest management … [that] will move 
timber harvesting into roaded, young growth areas and away from old-growth timber in roadless areas.” 
(USDA 2010) 
 
Regional Forester Beth Pendleton added that the Transition Framework would be designed to diversify 
the economy of southeast Alaska and above all to “develop a region-wide job creation platform.” She 
went on to identify additional goals: “promote small business creation, expansion, and retention; improve 
access to capital; create quality jobs and sustainable economic growth; promote job training and 
educational opportunities; and maximize a forest restoration economy and by-product use.”  
 
Later in 2010 the Juneau Economic Development Corporation (JEDC), a partner in the evolving 
Transition Framework and under contract with the Forest Service, launched the Southeast Alaska Cluster 
Initiative to engage key interests and outline a business cluster approach to regional economic 
development. JEDC completed an asset map for the region and identified cluster action initiatives that the 
Forest Service and others could support in the region. (JEDC) 
 
In 2011, after an extensive consultation process in the region, the Forest Service released a report refining 
the direction of Transition Framework efforts. An interagency team recommended initiatives that cross 
agency boundaries, support agency priorities, and are realistically achievable. These initiatives were 
organized around the concept of industry clusters and were focused on ocean products, with an emphasis 
on watershed restoration and mariculture; visitor services supporting independent traveler opportunities, 
new land and water trails, and guided access for forest resources; forest products with an emphasis on 
second-growth harvests and more efficient use of wood waste; and renewable energy, including the 
development of a renewable energy plan and projects focused on woody biomass. (USDA 2011)  
 
In 2013 the Forest Service released a “Leader’s Intent” document on young growth management to clarify 
how the Tongass National Forest would transition its timber program to a “young-growth forest products 
industry” and integrate this with “restoration, collaboration, and forest stewardship to support ecological, 
community and economic health.” The document, signed by Region 10 and Tongass National Forest 
leadership, recognized constraints in making a timber transition and offered no firm deadlines. Under the 
heading “Actions,” it proposed to “Offer increasing annual volumes of young growth timber and 
gradually reduce old growth harvests….” (USDA 2013) 
 
In 2013 the Forest Service also released an update on Tongass National Forest economic diversification 
strategies in southeast Alaska. The report cited new cluster initiatives around mining, and research and 
development; and also proposed an innovation summit; a biomass initiative; and a “multi-year integrated 
plan for active forest management activities, including old and young growth timber sales, ecological 
restoration and enhancement, and road work.”  (USDA 2013) 
 
In 2014 the Forest Service released a “Leader’s Intent” document on recreation, wilderness, and heritage 
programs that acknowledged that outdoor recreation continues to grow in the region but indicated that the 
Forest Service would be cutting back on its investments in recreation and trail infrastructure due to budget 
constraints starting in FY2015. (USDA 2014)   
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Budget and Staffing Analysis 

This section reviews findings from the analysis of the Tongass National Forest’s budget and 
staffing during the Transition Framework period and evaluates whether discernable changes 
were made in either budgets or staffing.  
 
Budget Analysis 

The table and figure below summarize findings from the budget analysis.  
 
Tongass National Forest Budget by Program, FY2009 to FY2013 and 5-Yr. Avg. 

 
Source: U.S. Forest Service  
 
Note: This table does not display Regional Office budget allocations that support timber, even though the Tongass 
National Forest has accounted for 90 percent or more of the timber harvested in Region 10, which includes only the 
Tongass and Chugach national forests.  
  

Fiscal Year FY2009 FY2010 FY2011 FY2012 FY2013 5-Yr. Avg. 
Total Budget 74,773,208$ 55,826,372$ 56,841,568$   56,850,896$ 55,302,207$ 59,918,850$   

Timber Accounts
NF Forest Products [NFTM] 14,179,865$ 11,307,823$ 11,609,957$   10,858,311$ 10,621,183$ 11,715,428$   
K-V projects [CWKV + CWK2]  $       95,000 98,000$       207,050$       164,730$     442,000$     201,356$       
Reforestation Trust Fund [RTRT] 1,382,107$   1,434,000$   1,420,172$     1,421,253$   1,567,942$   1,445,095$     
Salvage Sales [SSSS] 200,000$      200,000$      500,000$       800,000$     789,000$     497,800$       
Subtotal 15,856,972$ 13,039,823$ 13,737,179$   13,244,294$ 13,420,125$ 13,859,679$   

Timber-related programs
Roads [CMRD] 9,732,200$   6,363,750$   5,549,666$     12,214,050$ 8,208,324$   8,413,598$     
Subtotal 9,732,200$   6,363,750$   5,549,666$     12,214,050$ 8,208,324$   8,413,598$     

Timber Total 25,589,172$ 19,403,573$ 19,286,845$   25,458,344$ 21,628,449$ 22,273,277$   
Timber Share 34% 35% 34% 45% 39% 37%

Recreation Accounts
Recreation & Wilderness [NFRW] 5,015,500$   4,249,015$   4,086,561$     3,875,730$   3,775,277$   4,200,417$     
Deferred Maint. Recreation [FDRF] 731,201$      146,240$       
Trails [CMTL] 1,987,785$   1,251,374$   1,650,300$     1,284,095$   1,271,005$   1,488,912$     
Recreation Receipts 2,312,532$   3,005,430$   3,245,632$     3,036,745$   3,516,487$   3,023,365$     
Recreation Total 9,315,817$   9,237,020$   8,982,493$     8,196,570$   8,562,769$   8,858,934$     
Recreation Share 12% 17% 16% 14% 15% 15%

Wildlife and Fish Accounts
W & F [NFWF &                      
NFWF Subsistence] Total 4,550,435$   4,012,222$   4,405,136$     4,247,316$   4,088,231$   4,260,668$     
Wildlife & Fisheries Share 6% 7% 8% 7% 7% 7%

Watershed Protection Accounts
Vegetation & Watershed [NFVW] 2,701,736$   2,706,380$   2,963,618$     2,660,900$   2,931,650$   2,792,857$     
Legacy roads & trails [CMLG] 896,000$      2,503,870$   683,773$       146,230$     926,180$     1,031,211$     
Watershed Protection Total 3,597,736$   5,210,250$   3,647,391$     2,807,130$   3,857,830$   3,824,067$     
Watershed Protection Share 5% 9% 6% 5% 7% 6%



HEADWATERS ECONOMICS 12

Tongass National Forest Budget by Program, Share of Total, FY2009 to FY2013 and 5-Yr. Avg. 

Source: U.S. Forest Service  

The results show that timber expenditures account for the largest share of the Tongass National 
Forest budget in all years. The total budget was $75 million in FY2009 and $55 million to $57 
million annually for FY2010 through FY2013. The total budget five-year average was $60 
million. Timber expenditures ranged from $19 million to $26 million during the five years, 
accounting for 34 percent (FY2009 and FY2011) to 45 percent t (FY2012) of the total budget. 
Timber expenditures accounted for 37 percent of total on average during the five-year study 
period.  

Recreation, wildlife and fish, and watershed protection combined accounted for less of the total 
budget than timber for the entire period FY2009 to FY2013. Recreation expenditures ranged 
from $8 million to $9 million, 12 percent to 17 percent of the total. Wildlife and fish 
expenditures averaged about $4 million annually, 6 percent to 8 percent of the total. Watershed 
protection expenditures ranged from $3 million to $5 million, 5 percent to 9 percent of the total.  

These three non-timber categories aggregated to $15 million to $18 million annually. At their 
peak in FY2010, they accounted for 33 percent of the Tongass National Forest budget, only a 
little less than the 35 percent of the Tongass National Forest budget in that year’s relatively low 
timber expenditures; the difference was less than $1 million. In FY2012, however, the difference 
was much greater, with the three non-timber categories accounting for only 27 percent of the 
Tongass National Forest budget compared to 45 percent for timber expenditures; the difference 
was more than $10 million in FY2012.  

FY2009 may be an outlier as the total Tongass National Forest budget in that year, $75 million, 
was $18 million to $20 million (about 25%) higher than the subsequent years. It is unknown 
whether this was because of additional American Recovery and Reinvestment Act funding in 
FY2009 (see CRS Report 40537), or if this is part of a longer-term trend; additional data and 
further analysis would be needed to make such an assessment.  
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Looking at the five-year period does not show a significant change for most categories of 
expenditures. For timber expenditures, the two highest years were FY2009 and FY2012, with the 
lowest timber expenditures in FY2010 and FY2011; this shows no particular trend. Similarly, 
wildlife and fish, and watershed protection expenditures show no clearly identifiable rising or 
falling trend. 
 
For recreation expenditures, it is worth distinguishing between changes in budget allocations and 
recreation receipts. Recreation budget expenditures fell by $2 million from FY2009 to FY2013. 
This downward trend was partially offset by increases in recreation receipts paid by forest users. 
The budget cutbacks are consistent with language from the agency’s 2014 leader’s intent 
document that indicates the Tongass National Forest will be cutting the recreation budget, 
despite increasing demand for Tongass National Forest recreation resources.  
 
These budget findings show no evidence of a transition in Tongass National Forest priorities. 
The timber program remains the largest program, larger than the other program areas combined 
for all years. Recreation cutbacks in the budget have been partially offset by increases in retained 
receipts from users. As we will see below, these budget commitments are out of step with the 
economy of southeast Alaska and opportunities for the Tongass National Forest to contribute to 
expanded economic opportunities in the region.  
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Staffing Analysis 

The table and figure below summarize findings from the staffing analysis.  
 
Tongass National Forest Staffing (FTEs) by Program, FY2011 to FY2013 and 3-Yr. Avg.  

 
Source: U.S. Forest Service 
 
Note: This table does not display Regional Office staffing allocations that support timber, even though the Tongass 
National Forest has accounted for 90 percent or more of the timber harvested in Region 10, which includes only the 
Tongass and Chugach national forests.  
 
  

Fiscal Year
FTE Total

Timber Accounts
NF Forest Products [NFTM]
K-V projects [CWKV]
Reforestation Trust Fund [RTRT]
Salvage Sales [SSSS]

Timber-related programs
Roads [CMRD]

Timber Total
Timber Share

Recreation Accounts
Recreation & Wilderness [NFRW]
Deferred Maint. Recreation [FDRF]
Trails [CMTL]
Recreation Total
Recreation Share

Wildlife and Fish Accounts
W & F [NFWF] Total
Wildlife & Fisheries Share

Watershed Protection Accounts
Vegetation & Watershed [NFVW]
Legacy roads & trails [CMLG]
Watershed Protection Total
Watershed Protection Share

FY2011 FY2012 FY2013 3-Yr. Avg.
392 368 356 372

85.6 82.4 78.3 82.1
0.5 0.8 0.8 0.7

2.7 2.6 1.8
2.5 6.3 5.4 4.8

20.5 20.4 17.8 19.6

109.1 112.6 104.9 108.9
28% 31% 29% 29%

44.1 34.8 34.8 37.9
1.2 0.0 0.0 0.4

14.8 11.5 11.9 12.8
60.2 46.3 46.7 51.1
15% 13% 13% 14%

32.0 28.4 27.6 29.3
8% 8% 8% 8%

15.7 13.1 12.0 13.6
0.5 0.4 0.4 0.4

16.2 13.5 12.4 14.0
4% 4% 3% 4%
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Tongass National Forest Staffing by Program, Share of Total, FY2011 to FY2013 and 3-Yr. Avg.  

Source: U.S. Forest Service  

The results of the staff analysis are similar to those of the budget analysis. Timber is the most 
significant Tongass National Forest workforce commitment for all years, accounting for 105 to 
113 FTEs annually for the three fiscal years—ranging from 28 percent to 31 percent of the total. 
This is a smaller share of the total Tongass National Forest staffing than is timber’s share of the 
Tongass National Forest budget. The factors causing this difference probably include contracting 
for timber sale support (e.g., some road work and some required environmental analyses) and 
that most of the mandatory spending accounts excluded from the budget allocation tables are not 
timber-related accounts. Timber accounted for 29 percent of all FTEs on average during the 
three-year study period.  

Recreation staffing was smaller, at 60 FTEs in FY2011, 46 FTEs in FY2012, and 47 FTEs in 
FY2013. This ranges from 13 percent to 15 percent of the total Tongass National Forest staffing, 
roughly the same proportion as recreation’s share of the Tongass National Forest budget when 
the recreation receipts are included. While the recreation staffing share of total remains 
consistent, the absolute decline in FTEs, from 60 in FY2011 to 47 in FY2013, shows that as the 
overall workforce on the Tongass National Forest shrank the recreation programs absorbed the 
largest losses.  

Wildlife and fish staffing, at 28 to 32 FTEs, accounted for about 8 percent of the total Tongass 
National Forest staffing, also comparable to the wildlife and fish share of the total Tongass 
National Forest budget. Watershed protection staffing was much smaller, at 12 to 16 FTEs. This 
is only about 4 percent of the total Tongass National Forest staffing, smaller than the watershed 
protection share of the Tongass National Forest budget. Contracting for watershed protection 
work could explain the relatively smaller staff share.  

These staff findings show no evidence of a transition in Tongass National Forest commitments. 
With only three fiscal years of FTE data, it is difficult to assess staff trends by workforce 
category. However, it does not appear there was a significant shift in FTE allocations across 
programs from FY2011 to FY 2013. The exception is the recreation program, which saw the 
largest declines. Timber remained the largest staff commitment, larger than all other programs 
combined during the three years.   
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Economic and Fiscal Analysis 

This section reviews key southeast Alaska economic sectors for comparison with Tongass 
National Forest budget and staffing priorities, and assesses whether the Tongass National Forest 
has moved beyond an emphasis on old growth timber and below-cost timber sales.   

Economic Analysis 

Evaluation of the Tongass National Forest budget and staffing shows that timber production is 
the largest resource management account, and is larger than the Tongass National Forest budget 
and staffing dedicated to recreation, wildlife and fish, and watershed protection combined. This 
allocation of funding and effort is at odds with the regional economy of southeast Alaska, where 
the timber industry is a small source of employment, and two of the largest sectors of the 
economy are the tourism and fishing industries.  

The few studies of the economic impacts of Tongass National Forest management and activities 
are outdated and focus on timber production. For example, Economic Growth and Change in 
Southeast Alaska (USFS Report PNW-GTR-611) was published a decade ago in 2004. Many 
Forest Service studies and projections of the timber supply and timber industry in southeast 
Alaska appear to be based on sawmill capacity in 2003 and 2004. (See draft U.S. Forest Service 
studies, http://www.fs.fed.us/pnw/pubs/brackley/index.shtml.) These studies are thus based on 
the historic timber industry, not on current timber utilization by the existing industry.

However, the timber industry in southeast Alaska has clearly declined substantially in the past 
two decades. One industry source (Resource Development Council) stated that there were 457 
people employed in forestry and sawmill jobs in all of Alaska in 2011, down 90 percent from the 
4,600 jobs in 1990. A Forest Service source (Economic Analysis of Southeast Alaska) reported 
265 timber-related jobs in Southeast Alaska in 2008. The Southeast Conference’s most recent 
assessment (Southeast Alaska by the Numbers 2014) estimates the timber industry lost 3,500 jobs 
in the 1990s, and reports that the industry supported 270 jobs and 55 self-employed individuals 
in 2013, a two percent decline from the previous year and less than one percent of total regional 
employment in 2013. (Southeast Conference) 

Private Sector Timber Jobs & Self-Employed vs. All Other Private Sector Jobs & Self-Employed, 
Southeast Alaska, 2012 

 
Source: County Business Patterns, Nonemployer Statistics

 30,197   281  

All Other Timber 

99.1% 0.9% 

All Other Timber 
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Data from the U.S. Department of Commerce show similar trends and values. According to this 
source, southeast Alaska timber industry employment—in growing and harvesting, sawmills, and 
wood products manufacturing from timber cut on state, private, and federal lands combined—
declined from 1,222 jobs in 1998 to 240 jobs in 2012, or 1.1 percent of total private employment 
that year. The largest declines were sustained in growing and harvesting jobs. Regional self-
employed trends in timber-related activities are difficult to determine because of data limitations, 
but there were 41 self-employed individuals in the timber sector in 2012, or 0.5 percent of total 
self-employed people in the region that year. Private sector timber jobs and self-employed 
individuals together accounted for 0.9 percent of private jobs and self-employed in southeast 
Alaska in 2012. (County Business Patterns, Nonemployer Statistics) 

Private Sector Employment Trends in Timber by Major Category, Southeast Alaska, 1998-2012 

 
Source: County Business Patterns  

These figures exaggerate the size of the timber sector that relies specifically on Tongass National 
Forest resources. A portion of the timber jobs in the region are not related to the Tongass 
National Forest, since the Tongass National Forest is not the only timber producer in southeast 
Alaska. In the Big Thorne Project Final Environmental Impact Statement, the Forest Service 
estimated that Tongass National Forest-related private employment was 109 in 2011. (Big 
Thorne Project Final EIS, 3-19) This is less than half of the total size of the timber industry in 
southeast Alaska as reported from other sources.  

The cause of the decline in timber industry employment in southeast Alaska is disputed. Industry 
and federal and state government sources assert that declining timber sales from the Tongass 
National Forest are the cause. (See, e.g., Alaska Timber Jobs Task Force, Report to Governor 
Sean Parnell.)  Others (Colt, et al.) have noted that the decline was largely due to the closure of 
the two large pulp mills in southeast Alaska, both of which relied exclusively on Tongass 
National Forest timber, but whose closures was the result of declining Japanese pulp markets, not 
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declining Tongass National Forest timber supplies. Environmental sources charge that estimated 
timber demand from the Tongass National Forest has been persistently overestimated, and that 
restrictions on log exports (to promote local wood processing jobs) have been eased to find 
markets for Tongass National Forest timber. (See, e.g., Tongass Timber Economics 101.)  Others 
(Colt, et al.) have noted that Alaska is a high-cost production area and is far from markets, 
making recovery and/or growth of the timber industry difficult. 
 
The relative importance of the Tongass National Forest for timber supply is also unclear. One 
industry source (Resource Development Council) noted that the federal government administers 
about half of Alaska’s forests, with the state government and Native corporations each 
administering about a quarter of the forests. A state source (AK Dept. of Commerce) stated that 
the federal government administers 65 percent of Alaska’s forests, with 25 percent owned by the 
state and only 10 percent owned by Native corporations. Another industry source (Alaska 
Forestry Association) stated that the Tongass National Forest contains 93 percent of the 
timberland in southeast Alaska. In contrast, Sealaska, a Native corporation, maintains that it is 
the dominant timber producer in southeast Alaska, although Native corporations are not bound 
by the log export restrictions imposed on most logs from federal lands, and thus may provide 
little timber for domestic processing. 
 
The conclusion from these data is that the timber industry in southeast Alaska has experienced a 
decades-long decline and today is a small part of the regional economy, accounting for no more 
than one percent of southeast Alaska employment while receiving the lion’s share of Tongass 
National Forest budget and staffing resources.  
 
The decline of the timber industry has been difficult for the region, but it has not kept the overall 
southeast Alaska economy from growing. According to the U.S. Department of Commerce, from 
1998 to 2012 regional timber jobs declined by more than 80 percent (-982 jobs), while all other 
private sector jobs grew by nearly seven percent (+1,384 jobs). (County Business Patterns) 
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Private Sector Employment Trends, Timber vs. All Other, Southeast Alaska, 1998 to 2012 

 
Source: County Business Patterns 

In considering how the Tongass National Forest might contribute to the economic vitality of 
southeast Alaska communities, it is useful to examine two major regional industries—tourism 
and fishing—that are affected by Tongass National Forest management decisions and 
investments.  

Tourism is a notoriously difficult sector to measure because it spans a number of industries and 
the U.S. Department of Commerce does not have a single industry code for tracking the travel 
and tourism economy. Despite this challenge, there are credible efforts to measure the visitor 
industry. Southeast Conference reports that in 2013 the southeast Alaska visitor industry 
employed 6,707 people, is growing (+332 jobs, 5.2% change from 2012 to 2013), and accounted 
for 15 percent of total regional employment. (Southeast Conference) Using data from the U.S. 
Department of Commerce, Headwaters Economics estimates that in 2012 travel and tourism-
related industries combined—accommodation and food services; arts, entertainment, and 
recreation; passenger transportation; and retail trade—accounted for 4,711 jobs, or 21 percent of 
total private employment. (County Business Patterns)  

The fishing, or seafood, industry also can be measured in a number of ways and has tracking 
challenges related to data nondisclosures and the large number of self-employed individuals. 
Despite these hurdles, Southeast Conference reports that in 2013 the southeast Alaska seafood 
industry employed 4,252 people, is growing (+148 jobs, 3.6% change from 2012 to 2013), and 
accounted for nine percent of total regional employment. (Southeast Conference) Using data 
from the U.S. Department of Commerce, Headwaters Economics estimates that in 2012 fishing-
related sectors employed 1,780 people, along with another 2,408 self-employed individuals. This 
represents eight percent of total private employment and 31 percent of all self-employed people 
in the region. (County Business Patterns, Nonemployer Statistics)  
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There are also methods of calculating the broader regional economic significance (i.e., including 
the multiplier effect of direct spending and employment) of the tourism and fishing industries in 
southeast Alaska. Several recent efforts, which confirm the economic importance of the tourism 
and fishing industries, are summarized below.  
 
A 2014 McDowell Group study for the state of Alaska’s Department of Commerce, Community, 
and Economic Development found that the visitor industry as a whole in southeast Alaska, 
including multiplier effects, totaled $1.1 billion in spending and resulted in 10,900 jobs and $407 
million in labor income during the 12-month period from October 2012 to September 2013. The 
employment total represents 20 percent of total southeast Alaska employment in 2012. (Bureau 
of Economic Analysis) This report shows that the visitor industry is growing in the region. Since 
the 2011-2012 season, visitor spending increased by 10 percent, employment by 7 percent, and 
labor income by 10 percent. (McDowell Group 2014)  
 
The McDowell Group also analyzed specific southeast Alaska visitor activities in an earlier 2012 
study and found that top tourism activities were: “wildlife viewing (42 percent of visitors 
participated), hiking/nature walk (28 percent), day cruises (26 percent), flightseeing (15 percent), 
fishing (11 percent), bird watching (9 percent), zipline (7 percent), dogsledding (7 percent), 
kayaking/canoeing (7 percent), biking (4 percent), rafting (3 percent), ATV/4-wheeling (2 
percent), camping (2 percent), Northern Lights viewing (1 percent), and hunting (<1 percent).” 
(McDowell 2012) Many of these visitor activities rely heavily on natural resources managed by 
the Tongass National Forest and the ability to access and enjoy the landscape in its natural state.  
 
A 2010 TCW Economics report for Trout Unlimited found that southeast Alaska salmon 
fisheries and hatchery operations, including multiplier effects from commercial, recreational, and 
personal use/subsistence and the processing of commercially harvested salmon, accounted for 
$986 million in total economic output, 7,282 jobs, and $189 million in personal income in 2007. 
(TCW Economics) The employment total represents 14 percent of total regional employment in 
2007. (Bureau of Economic Analysis)  
 
A more recent 2013 McDowell Group study for the Alaska Seafood Marketing Institute, which 
was not limited to salmon and used different classifications than the TCW Economics report, 
found that the seafood industry produced $641 million worth of seafood (in wholesale terms) 
and, including multiplier effects, supported 9,650 average monthly jobs along with $468 million 
in labor income in 2011. (McDowell 2013) The average monthly job total represents 18 percent 
of total southeast Alaska employment in 2011. (Bureau of Economic Analysis) The salmon 
fishery, which relies on the Tongass National Forest for cold water and healthy spawning 
grounds, accounted for three quarters of the region’s total commercial wholesale fishing value 
and drives the majority of the industry’s economic impacts in southeast Alaska.  
 
The conclusion from these data is that the tourism and fishing industries are two of the major 
economic sectors in southeast Alaska today, and are growing in scale and importance. Despite 
demonstrated growth in tourism and fining markets, these industries are not benefiting from 
increases, or even increases in share, of Tongass National Forest budget and staffing resources.  
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Fiscal Analysis 

Tongass National Forest timber sales have consistently cost more to prepare, access, and 
administer than the federal government receives for the timber. The proposed transition from old 
growth to young growth timber, which in general has lower value, has brought renewed attention 
to losses on timber sales and the return these sales provide U.S. taxpayers. The argument that old 
growth must be harvested because it has higher value has not changed the fact that 
predominantly old growth timber sales on the Tongass National Forest continue to cost 
significantly more than they generate in revenue.  
 
National concerns about Forest Service timber sales in which the sale costs exceeded the 
revenues (known as below-cost timber sales; see CRS Report 94-698 ENR) were first raised in 
1980. That year, the Natural Resources Defense Council (NRDC) issued a lengthy report 
showing timber costs and revenues for each national forest in the country, and showing federal 
fiscal losses on timber sales from many national forests, including the Tongass National Forest. 
Several reports, mostly from various congressional agencies, were published in 1984, also 
showing fiscal losses on timber sales in many national forests, including the Tongass National 
Forest. (See CRS Report 84-799 ENR) The Forest Service and the timber industry have defended 
such practices, arguing that the agency was not required to make a profit for the U.S. Treasury 
and that timber sales were needed to stabilize communities. (See, e.g., Beuter)  Despite the 
concerns and counter-arguments, no action to reduce timber sale losses has been made by 
Congress or the several Administrations, but the concerns persist. (See CRS Report RL32485)  
 
The Tongass National Forest clearly has lost money on recent timber sales, as the table below 
shows. (See also Mehrkens) Harvest revenues ranged from $600,000 to more than $3.3 million 
between FY2009 and FY2013—from $20 per thousand board feet (MBF) harvested to more than 
$100 per MBF. As noted above, timber-related costs have been significantly higher, ranging 
from $19 million to $26 million during the same period—from more than $500 per MBF 
harvested to more than $1,200 per MBF. This means that the Tongass National Forest lost nearly 
$25 million—$880 per MBF—in FY2009; more than $17 million—$494 per MBF—in FY2010; 
nearly $16 million—$489 per MBF—in FY2011; nearly $24 million—$1,132 per MBF—in 
FY2012; and nearly $21 million—$567 per MBF—in FY2013. The total net cost to the U.S. 
Treasury from Tongass National Forest timber sales during these five years was more than $100 
million.  
 
Tongass National Forest Timber Sale Revenues and Costs, FY2009 to FY2013 and 5-Yr. Avg.  

 
Source: Costs are from the budget table in this report; revenues and cut volume are from U.S. Forest Service Cut and 
Sold reports available online: http://headwaterseconomics.org/interactive/national-forests-timber-cut-sold.  
  

Fiscal Year FY2009 FY2010 FY2011 FY2012 FY2013 5-Yr. Avg. 
Total Revenues 605,166$       1,897,909$     3,330,495$     1,873,382$     1,015,373$     1,744,465$     
Total Costs 25,589,172$   19,403,573$   19,286,845$   25,458,344$   21,628,449$   22,273,277$   
Net Revenues (Losses) (24,984,006)$ (17,505,664)$ (15,956,350)$ (23,584,962)$ (20,613,076)$ (20,528,811)$ 
Volume Harvested (in MBF) 28,385          35,410          32,638          20,828          36,366          30,725          
Revenues Per MBF 21$              54$              102$            90$              28$              59$              
Costs Per MBF 902$            548$            591$            1,222$          595$            771$            
Net Revenues (Losses) Per MBF (880)$           (494)$           (489)$           (1,132)$         (567)$           (713)$           
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Tongass National Forest Timber Sale Revenues and Costs, FY2009 to FY2013 and 5-Yr. Avg.  

Source: Costs are from the budget table in this report; revenues and cut volume are from U.S. Forest Service Cut and 
Sold reports available online: http://headwaterseconomics.org/interactive/national-forests-timber-cut-sold.  

The Transition Framework outlines a transition from old growth to young growth harvests, but 
such a shift has yet to be shown in Tongass National Forest timber sales and is unlikely to 
improve the fiscal results of timber sales. A review of timber sales proposed (or in various 
planning stages) by the Tongass National Forest since the Transition Framework announcement 
shows an overwhelming bias toward old growth volume—approximately 87 percent of total 
proposed volume.  

Recent Tongass National Forest Proposed Timber Sales, Old Growth vs. Young Growth  

Source: Tongass National Forest planning documents; Tongass National Forest 5-Year Timber Sale Schedule (no 
longer publically available on the Tongass National Forest website); and Trajectory to Young Growth report. 
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Project Name District
Final 
Decision Status Date

Old Growth 
Volume (MMBF)

Young Growth 
Volume (MMBF)

Navy Wrangell N FEIS 3/1/09 11.6 0
Central Kupreanof Petersburg Y ROD/FEIS 2/4/11 26.3 0
Wrangell Roadside Wrangell Y DN/EA 3/10/11 5 0
Tonka Petersburg Y ROD/FEIS 3/28/12 38.5 0
Dargon Point Thorne Bay Y DN/EA 2/19/13 0 2.5
Wrangell Island Wrangell N Scoped 7/31/13 65 0
Kosciusko Thorne Bay N Scoped 8/1/14 5 38
Mitkof Petersburg N Draft Decision, EA, FONSI 8/7/14 28.5 0
Big Thorne Thorne Bay Y FEIS/ROD/SIR 8/21/14 116.3 15
Saddle Lakes Ketchikan N DEIS 8/29/14 60 0
Total Volume (MMBF) 356 56
Share of Total Volume 87% 13%
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Recent Tongass National Forest Proposed Timber Sales, Old Growth vs. Young Growth 

 
Source: Tongass National Forest planning documents; Tongass National Forest 5-Year Timber Sale Schedule (no 
longer publically available on the Tongass National Forest website); and Trajectory to Young Growth report. 

An instructive illustration of the continued money-losing reality is the Big Thorne Project, which 
has been approved by the Tongass National Forest but is being litigated by various 
environmental groups. This sale is the largest proposed timber sale in decades on the Tongass 
National Forest. It is predominantly an old growth timber sale and is rationalized in large part by 
the Forest Service’s assertion that young growth trees on Prince of Wales Island are not 
commercially viable at present—that without a substantial old growth component the various 
proposed alternatives would incur significant financial loses, or find no bidders.  

However, even with the dominant old growth component—which takes the Tongass National 
Forest in a direction counter to the Transition Framework and stated young growth leader’s 
intent goal—the Tongass National Forest will likely find itself losing money for federal 
taxpayers. The recently awarded 97-million board foot sale contract was reportedly worth more 
than $6 million, but at the FY2013 average Tongass National Forest cost of $595 per MBF, the 
preparation and administration costs of the sale would be more than $57 million, with a net cost 
to the U.S. Treasury of $50 million—a nearly 10:1 expense-revenue loss ratio. (E&E News)  

There may be legitimate questions about the readiness of second growth supply on the Tongass 
National Forest and the viability of young growth timber economics, but as these figures show 
the old growth program itself is not a self-supporting endeavor. The allocation of scarce Tongass 
National Forest budget and staff resources to a minor economic sector represents a large 
opportunity cost for the regional economy—these resources could be repurposed, using the logic 
of the Transition Framework, to larger and more vibrant industries that support more jobs and 
communities in southeast Alaska.  

356 56 

Old Growth (MMBF) Young Growth (MMBF) 

87% 13% 

Old Growth Young Growth 
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Conclusion 

The Tongass National Forest Transition Framework, announced in 2010, came at an opportune 
time, promising a “new path forward in the region that enhances economic opportunities to 
communities while conserving the Tongass National Forest.”  
 
Southeast Alaska was poised to emerge from the Great Recession, and timber conflicts had 
seemingly given way to a discussion about how to shift to young growth harvesting and 
restoration that would in turn support other forest values and activities, and ultimately allow the 
Forest Service to better meet the needs southeast Alaskans.   
 
Over time, the region’s timber industry has shrunk to a fraction of its former size and continues 
to decline; while the large and growing tourism and fishing industries could benefit from new 
Tongass National Forest investments in infrastructure and supporting services. The goal of 
managing the Tongass National Forest in a way that contributes to the revitalization of the 
southeast Alaska economy seemed within grasp. 
 
A close analysis, however, shows a path taken that is much different than the promises made. 
Today, four years after the start of the Transition Framework, the Forest Service continues to 
allocate the largest share of its budget and manpower to timber production, while simultaneously 
flat-lining or even reducing support for recreation, wildlife, fish, and watershed protection. At 
best, the agency’s actions are inconsistent with the assurances made by the Transition 
Framework. 
 
Given the economic context of southeastern Alaska, the Forest Service’s actions are difficult to 
understand. While there may be legitimate questions about the readiness of second growth 
supply on the Tongass National Forest and the viability of young growth timber economics, the 
analysis in this paper clearly demonstrates that the old growth program itself is not a self-
supporting endeavor. It is possible that, with the right support, some timber industry could be a 
vital part of the region’s economic geography, but this should not come at the cost of more 
strategic and promising investments in southeast Alaska’s overall economic health.  
 
The allocation of scarce Tongass National Forest budget and staff resources to a minor economic 
sector represents a large opportunity cost for the regional economy—these resources could be 
repurposed, using the logic of the Transition Framework itself, to larger and more vibrant 
industries that support more jobs and communities in southeast Alaska.  
 
In short, the Tongass National Forest has not lived up to the expected “transition,” and the 
casualties of this failure to seize a more promising economic trajectory are the region’s 
businesses and communities, as well as the U.S. taxpayer.  
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Appendix: U.S. Forest Service Budget Acronyms 

 
  

National Forest Systems - NFNF
Inventory & Monitoring NFIM
Landowner Management NFLM
Minerals & Geology Management NFMG
Forest Planning NFPN
Grazing Management NFRG
Recreation, Heritage, & Wilderness NFRW
Timber Sale Management NFTM
Vegetation & Watershed Management NFVW
Wildlife & Fisheries Habitat Mgt NFWF

Capital Improvements & Maintenance - CMCM
Facilities Capital Improvements & Maint CMFC
Infra Improvements - Deferred Maint CMII
Legacy Roads & Trails CMLG
Roads Capital Improvements & Maint CMRD
Trails Capital Improvements & Maint CMTL
Deferred Maint Projects for Recreation Facilities FDRF

Perms & Trust Funds (Not All-Inclusive)
Cooperative Work - NONAGT Based CWF2
Cooperative Work - Other CWFS
K-V Sale Area Projects CWKV
Regional K-V Sale Area Projects CWK2
Reforestation Trust Funds RTRT
Conveyance of Admin Sites EXSC
Regional Recreation Enhancement FDAS
Unit Recreation Enhancement FDDS
Gifts & Bequests GBGB
Maps - (MRMS, MVIS & MSEQ) MAPS
Quarters Maintenance QMQM
Secure Rural Schools (Title II) SRS2
Stewardship Contracting SSCC
Salvage Sale SSSS
Timber Pipeline - Botanical Products TPBP
Timber Pipeline - Recreation Backlog TPCD
Timber Pipeline - Sale Prep TPPS
Cost Recovery - Major Projects URMJ
Cost Recovery - Minor Projects URMN
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Willingness to pay for ecosystem conservation in Alaska’s Tongass National
Forest: a choice modeling study
Evan E. Hjerpe 1 and Anwar Hussain 1,2

ABSTRACT. Forest ecosystems contribute to human welfare in important ways, but because of the nonmarket nature of many of the
goods and services produced, both markets and governments fail to optimize their production commensurate with their economic and
ecological significance. Despite the recent proliferation of nonmarket environmental valuation in the literature, the incorporation of
nonmarket values into public forest decision making has been limited by institutional and methodological barriers. To address this
disconnect, we conducted a case study to quantify conservation values for the Tongass National Forest in a manner conducive for
public forest planning. A choice experiment featuring proposed forest management alternatives with changes in critical attributes
relative to their levels in the status quo was used to generate the requisite data. Econometric analysis suggests that Alaskans have strong
preference for conservation management, including both preservation and ecological restoration, over status quo or exploitation
management. However, there is significant heterogeneity among Alaskans in terms of bias toward the status quo depending on their
socioeconomic characteristics, e.g., gender, age, place of residence, household income, whether or not they have dependent children.
The findings of this study can be helpful to forest managers in the preparation of resource management plans consistent with
maximization of total economic value of forest ecosystem services.

Key Words: choice experiment; conservation economics; ecological restoration; nonmarket valuation; old-growth forests; Tongass National
Forest

INTRODUCTION
Old-growth forests are both ecologically and economically
important. Forests that have not experienced industrial logging,
commonly called “old-growth” forests,[1] offer unique levels of
ecosystem services to society, particularly in providing high
quality fish and wildlife habitat, clean water, scenic beauty, and
carbon storage that have led to calls for old-growth conservation
(Thomas et al. 1988, Luyssaert et al. 2008, DellaSala et al. 2011).
Old-growth forests in the U.S. are becoming a scarce commodity,
as remaining old-growth stands are now generally confined to
stunted, higher-elevation forests and pockets of protected areas
(Spies and Duncan 2009). An exception to this is the remaining
coastal rainforest old growth in Southeast Alaska and the Tongass
National Forest (hereafter the Tongass), the largest national forest
in the U.S. Although most of the 17 million acre Tongass is rock,
ice, or unproductive forests,[2] there are many productive old-
growth stands covering salmon-filled watersheds. About a million
acres of the most productive old-growth forests in southeast
Alaska have already been clear-cut when including both Native
Corporation and National Forest logging, and another half
million acres of old growth are scheduled for future harvest on
the Tongass (TLMP 2008). As such, the Tongass timber program
is the last industrial-scale, old-growth logging program in the U.S.  

Given the national scarcity of old-growth forests and their
importance, ecosystem conservation efforts are being developed
in Southeast Alaska via collaborative planning between the U.S.
Forest Service (USFS), nongovernmental organizations, Native
Alaskan tribes, and communities. Because commercial timber
harvest and logging roads in the past six decades have had adverse
effects on forest resources, conservation efforts include plans for
both preserving existing old-growth and restoring adjacent, cut-
over forests and degraded salmon streams. Proposed Tongass
conservation programs are not intended to end all Tongass

logging because Tongass timbering jobs can be an important
source of economic development for some communities. Rather,
stakeholders and the USFS are looking to increase conservation
efforts while transitioning the timber harvest out of old-growth
watersheds, into cut-over second-growth watersheds (USDA
News Release 2010).  

The economic rationale for the Tongass timber program is
primarily one of job creation, that is, maintaining social
development in remote parts of Alaska (TLMP 2008, Hjerpe
2011). The market impacts of the Tongass timber program, in
terms of board feet of production and regional employment, are
well monitored and incorporated into USFS planning processes
despite representing less than 1% of regional employment (Hjerpe
2011). However, the economic values foregone by clear-cutting
old growth, are noticeably absent from the planning process.
Because the values for old-growth ecosystem services heavily
comprise nonmarket values, direct survey and other nonmarket
methods are required to determine the extent of these values. This
type of research has not been conducted on the Tongass; without
the inclusion of conservation values, land management planning
on the Tongass is skewed toward timber production (Loomis
1987).  

Missing conservation values on the Tongass are emblematic of
economic valuation problems encountered in most public forest
planning. In the U.S., all public land management agencies,
including the USFS, have struggled to consistently incorporate
the largely nonmarket values that compose conservation values
into land management planning (Kline et al. 2013). When
conservation values are incorporated, the USFS has typically only
incorporated use values of recreation (consumer surplus),
generally bypassing passive use values (Loomis and Walsh 1992).
This failure to internalize conservation benefits into the national
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forest planning process (Morton 1999) is a result of both
institutional and valuation barriers and is directly at odds with
recent advancements of nonmarket and ecosystem service
valuation in the literature. Economic studies of conservation
values, primarily using stated preference methods, have
proliferated in the last couple of decades. But the refinements
have been largely theoretical, with little exploration of the
applicability of nonmarket valuation to policy formation.  

To address the disconnect between advancements in academic
environmental economics and the lack of inclusion of nonmarket
values in public forest management, we assessed the literature and
conducted a case study to quantify conservation values in a
manner conducive for decision making. We designed a choice
experiment to quantify the economic value of old-growth
preservation on the Tongass in management units that can be used
as either positive welfare gains to society when conservation
programs are analyzed, or as opportunity costs per acre of old
growth scheduled for harvest. Our choice of attributes, our use
of absolute measurements in conservation units, our framing of
choices within actual management prescriptions and
administrative boundaries, and our description and offering of a
status quo option were deliberately conducted to maximize the
application of our findings. This overall approach is unique in the
literature and we hope to contribute to a greater dialogue
addressing the lack of conservation values in USFS planning
calculus.

Background
The complexity of nonmarket valuation has contributed to its
limited use in public forest planning, but a number of institutional
barriers also limit the adoption and incorporation of
conservation values. These institutional barriers include limited
economics capacity within the USFS particularly at regional and
forest planning levels (Bowes and Krutilla 1989, Morton 1999,
Kline et al. 2013) and planning budgets often dominated by a
timber production focus that leaves little room for research on
conservation values. In timber-dominated regions, such as the
Tongass, USFS managers have an incentive to prioritize local
economic stability, to conduct even-aged management (clear-
cutting), and view timber harvest as the best way to enhance other
multiple uses (Sabatier et al. 1995). The resulting excessive
subsidies, below-cost timber sales, and other socially inefficient
outcomes on these national forests are the likely result of budget-
maximization hypothesis (O’Toole 1988) and inertia from many
years of timber investments. Collectively, a lack of economics
capacity and timber-centric budgets are institutional barriers that
lead to land management planning that is inflexible to assessing
and incorporating conservation values.  

Issues in economic valuation methodologies provide additional
barriers to widespread implementation of conservation values in
public forest planning. For stated preference methods, such as
contingent and conjoint analyses, primary methodological issues
center on the validity and reliability of estimates because of the
subjective nature of hypothetical markets and passive use values.
These issues of validity received great attention once simulated
markets were being used to measure, and pay out, lost passive use
values stemming from the Exxon Valdez oil spill case and other
natural resource damage assessments (Arrow et al. 1993,
Hausman 1993). Since then there has been tremendous

advancements in the literature tackling each methodological
concern. Many empirical results have illustrated that willingness
to pay estimates have been consistent with estimates from other
methods (convergent validity), typically accord with economic
theory and predictors (construct validity), and are generated from
studies increasingly incorporating best practices (content validity;
Freeman 2003). The evolution from contingent valuation to
conjoint analyses, such as choice experiments, has further reduced
concerns of hypothetical bias by better framing substitution
effects for participants and reducing scope concerns of
participants not being able to distinguish between varying
amounts and intensities of conservation (Boxall et al. 1996,
Hanley et al. 1998). When estimated properly, the reliability of
contingent valuation estimates, at least in the economics
literature, is no longer a concern (Boyle 2003). Whether this
consensus of reliability translates to forest managers or to
proponents of extractive uses, is a different but important matter,
and a justification for our case study.  

Although inconsistencies in stated preference results can provide
valuation barriers, many of the methodological concerns about
incorporating willingness to pay estimates into planning are of
no greater concern than methodological issues of economic
methods already widely incorporated in USFS forest planning.
Issues with economic impact analyses of jobs and income and
their associated multiplier effects, along with the limitations of
linear programming models such as FORPLAN and
SPECTRUM are of equal concern in the accuracy and reliability
of modeling outputs used and generated at the forest level. The
linear programming models used to schedule timber harvests
optimize objective functions given a set of constraints. Linear
programs do not provide guidance on which objective functions
provide the greatest societal welfare; rather they optimize the
primary objective chosen. The result has been that the primary
objective is a commodity focus such as maximizing the net present
value of future timber harvests, where conservation goals are
simply entered as constraints (e.g., Endangered Species Act
requirements and Wilderness area acreage). The resulting
modeler bias, along with spatial limitations and missing
biophysical response measurements make linear programming
models incapable of capturing the total economic value of
management decisions (Morton 1999) and have contributed to a
publicly perceived “black box” approach to forest management
(de Steiguer et al. 2003).  

Economic impact analyses included in USFS land management
plans also suffer from major methodological concerns. Impact
analyses are typically conducted with off-the-shelf  input-output
models such as IMPLAN. These input-output models are
predicated on economic base theory that presumes that regional
economic activity can be separated into basic (export) and
nonbasic (infilling services) industries, with basic activities
determining the extent of nonbasic activities. Yet, in one of the
few recent empirical attempts to validate these assumptions,
Robertson (2003) found that these assumptions did not hold for
the timber industry in Southeast Alaska and the Tongass. Other
assumptions of IMPLAN, such as static economies and
technology, limit their utility in projecting economic impacts into
the future or for the duration of a forest planning cycle. The
economic theory behind the illustration of distributional
economic impacts, such as jobs and income associated with a
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particular forest management alternative, are no more
understood by forest managers, or of less concern, than theories
supporting nonmarket valuation.

Literature review
Forest ecosystems provide myriad goods and services. However,
in the context of economic valuation they are only goods and
services if  they are beneficial to humans in some sense, e.g., use,
option, bequest, existence values. The broader notion of total
economic value (TEV) captures these use and passive use values,
and has beneficial implications for guiding forest management
policies (Loomis and Walsh 1992, Bann 2002). According to TEV,
individuals can hold multiple values for ecosystems and TEV can
be used to categorize these various benefits (Heal et al. 2005). If
economic values for conservation, and the public’s marginal
willingness to pay for conservation, are not estimated in this
manner, many of the major benefits of ecosystems will continue
to be excluded in benefit-cost computations. The likely outcome
of such an omission is too little protection for ecosystems, and as
a consequence the majority of services that people directly and
indirectly consume are undersupplied.  

Interest in economic valuation consistent with TEV has taken
center stage in applied economics research, culminating in
improved integration of the disciplines of ecology and economics,
and widespread use of multiattribute valuation methods germane
to issues in the two disciplines, e.g., biodiversity valuation, old
growth preservation, ecological restoration. Although the basis
for TEV analyses of ecosystem conservation, including the critical
development of passive use values, was formed earlier (Ciriacy-
Wantrup 1952, Weisbrod 1964, and Krutilla 1967), Mitchell and
Carson’s (1989) text on valuing public goods with contingent
valuation spurred numerous TEV studies associated with
conservation. As more contingent valuation studies were
conducted, Walsh et al. (1990) found that public preservation
values, or passive use values, composed nearly 75% of total
economic value and Loomis (2000) found passive use values
dominated TEV. The NOAA blue ribbon panel (Arrow et al. 1993)
helped contingent valuation gain further legitimacy and since
then, the development of stated preference methods has exploded.
With the recent evolution in USFS management paradigms to
ecosystem management and now ecosystems services,
incorporating stated preference methods is the most
comprehensive way of providing holistic values for entire land
management plans or desired future conditions of landscapes
(Loomis 2012). Of the stated preference techniques, the use of
attribute-based methods provides a richer basis for benefit-cost
analysis of management strategies and implicit economic trade-
offs between management attributes (Holmes and Adamowicz
2003).  

A recent meta-analysis (Hjerpe et al. 2015) of international
willingness to pay for ecosystem conservation on public lands
found strong economic value for forest preservation, watershed
restoration, and forest restoration. Reviewing the 22 primary
studies included in the meta-analysis, however, shows that the
attributes offered to survey participants were rarely in the form
of landscape units appropriate for planning. Most attributes
consisted of individual outputs that would change as a result of
the preservation or restoration program implemented such as
individual species population numbers, levels of biodiversity,

pollution levels, or individual ecosystem services. Focusing on
individual species and outcomes of conservation in the attributes,
as opposed to focusing on the entire conservation program,
underestimates the total economic value of programs by missing
out on the complementary and super-additivity nature of holistic
conservation (Loomis and White 1996, Holmes et al. 2004).
Perhaps even more importantly, the application of willingness to
pay for individual outcomes of conservation requires greater
translation and interpretation by public land managers that may
want to incorporate these values. The provision of tangible
landscape conservation metrics in the attributes allows for greater
ease in using conservation values to inform land management
planning by being directly incorporated and offering greater
marginal analysis of partial conservation alternatives (Hanley et
al. 1998, Loomis 2012).  

A few studies are notable for including use and passive use values
of conservation in manners more compatible with planning
processes. Garber-Yonts et al. (2004) provide perhaps the most
complete set of conservation values in terms of management
applications, using a choice experiment to estimate public
willingness to pay for increasing endangered species habitat,
salmon and aquatic habitat protection, old-growth forest
preservation, and large-scale nature reserves as a means to inform
biodiversity conservation policies in Oregon. Adamowicz et al.
(1998) examined use and passive use values by estimating
willingness to pay for woodland caribou habitat enhancement and
focused on attributes of caribou populations and wilderness area.
Lehtonen et al. (2003) estimated Finnish citizens’ values for
conservation programs and included conservation contracts and
areas as attributes.  

A few important insights emerge from the literature on
conservation economics and public forest planning. First, it is
clear that people value forests for much more than just timber
production and logging jobs. Second, despite the complexity of
ecosystems and the contingent nature of nonmarket valuations,
it is possible to meaningfully engage the general public in
informing forest management policies. Finally, the majority of
refinements in total economic valuation of conservation have
been necessarily theoretically focused, with little attention being
paid to the applicability of results for land planning.  

Disaggregating public lands policies into appropriate
characteristic sets and levels for applied choice modeling is a
difficult task (Hanley et al. 1998). To address the limited attention
to applicability in the literature, we propose a few best practices
for mainstreaming conservation values into public lands
management: (1) Incorporate stated preference methods, and
particularly the family of attribute-based methods such as choice
experiments, because they offer the most comprehensive format
for accounting for both use and passive use values associated with
conservation (e.g., Freeman 2003, Holmes and Adamowicz 2003,
Banzhof 2010); (2) Focus attributes on management alternatives
as opposed to individual or social outcomes (Loomis 2012); (3)
Offer attributes in absolute landscape metrics such as acres
preserved or river miles restored allowing for marginal valuation
across management alternatives (Hanley et al. 1998, Loomis
2012); (4) Align choice alternatives and attributes within the same
administrative and political boundaries when feasible[3]; (5)
Provide spatially explicit and exclusive alternatives and attributes
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(Loomis 2012); (6) Consider the bundle of ecosystem services
offered in attributes and try to offer management attributes that
affect those bundles in similar directions; And finally, (7) include
a status quo alternative at zero cost that represents an extension
of current management or a No Action alternative.

METHODS
A choice experiment was designed, pretested, and administered
to Alaskan households. The focus of the choice experiment was
to elicit public values held for proposed Tongass conservation
programs. Best practices for choice experiment design and
management application, as synthesized from the literature, were
incorporated. Detailed statistical estimation procedures are
described below.

Study area
The focal point of the choice experiment was to determine the
public willingness to pay for conservation programs in the most
productive watersheds in the Tongass. The Tongass spans much
of Southeast Alaska and is almost 17 million acres; but more than
40% of the Tongass is rock, ice, muskeg, or water. Of the 10 million
forested acres in the Tongass, the majority is considered
unproductive for timber production purposes because of the slow-
growing, lightly stocked forests that result from exposure to alpine
conditions and poorly drained soils. About three million acres are
mapped as available for harvest, with one million acres mapped
as suitable for harvest including many acres of already harvested
forests (TLMP 2008). These one million acres of “suitable” timber
generally represent the most productive forests on the Tongass,
both for timber production and biological production. These
acres, comprising 445,000 acres of remaining old growth
scheduled for harvest and another half  million acres that have
already been harvested (second growth), were the specific areas
within the Tongass that respondents were asked about. The study
area is shown in Figure 1.

Fig. 1. Tongass National Forest in Southeast Alaska.

Choice experiment design
Based on discussions with scientists, forest managers, and
stakeholder focus groups in Alaska, three management
alternatives for the Tongass were designed. Two of the alternatives
focused on improved levels of conservation involving preservation
of old-growth forest, and restoration of degraded watershed
streams (measured in miles) and acres of second-growth forest.
The third alternative characterized the status quo situation of
continued clear-cutting of old-growth forests and minimal
restoration of watershed streams and second-growth forest.  

All alternatives contained the following four attributes: amount
of old growth conservation, stream restoration, second-growth
forest restoration, and a one-time contribution by households to
a Tongass conservation fund. Three levels were assigned to each
attribute because preferences for ecosystem services are expected
to be curvilinear (implying nonlinear marginal utilities for
ecosystem services). These levels were expected to encompass the
range of potential outcomes that could result from the proposed
conservation programs. Table 1 provides more details about the
attributes and their levels.

Attribute descriptions
We describe the conservation program attributes, how changes in
the attributes may lead to changes in ecosystem service
production, opportunity costs, and why Alaskan households
might be willing to pay for them. The description is consistent
with attribute portrayal to respondents in the choice experiment
survey. The survey presented the information in a nontechnical
manner, e.g., no references, summarizing the issue and potential
solutions.

Old-growth conservation
The most economically valuable old-growth acres in the forest
(470,000 acres) have already been logged, and the current Tongass
management plan has another 445,000 acres of some of the most
productive, remaining old-growth watersheds scheduled for
harvest. This Tongass old growth is critically important in the
production of biological regulation (Person et al. 1996), climate
regulation (Leighty et al. 2006), biodiversity refugia (e.g., Cotter
and Kirchoff 2007), and numerous cultural and recreational
services. Because it takes centuries to develop the biological
characteristics of old growth, the management alternatives in the
choice experiment offered the conservation of up to 445,000 acres
of old growth scheduled for harvest (all old growth scheduled for
harvest). Preserving old-growth watersheds would maintain the
ecological integrity of the forest for present and future generations
and provides the greatest insurance, because restoration efforts
can never fully replicate the original, pristine conditions of wild
and untrammeled ecosystems. However, increases in this attribute
would come with opportunity costs because it would decrease the
amount of trees available for logging and limit the available areas
for road, mineral, and energy development.

Stream Restoration
Poor stream habitat in the Tongass has been shown to be a
significant cause of wild salmon species decline below their
historical levels and diminished aquatic health (Heifetz et al. 1986,
Stillwater Sciences 2012). Logging and road building in the past
six decades in the forest have contributed to the problem by (a)
increasing soil erosion; (b) decreasing streamside trees needed by
fish; and (c) blocking fish passages used by salmon to migrate to
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Table 1. Definitions of variables used in the econometric analysis.
 
Variable Description

Dependent Variable Discrete choice between conservation Alternative A, B, and Status Quo
Explanatory Variables
Alternative-specific attributes

Old growth forest conservation (% of 445,000 acres to be conserved); Levels = 0%, 50%, 100%
Second growth forest restoration (% of 100,000 acres to be restored); Levels = 0%, 50%, 100%
Watershed restoration (% of 100 stream miles to be restored); Levels = 0%, 50%, 100%
Cost to the household†

 
US dollars; Levels = $30, $75, $100
 

Household characteristics
Gender Dummy = 1 if  male, else 0
Age

Age < 45 Dummy = 1 if  respondent age less than 45 years, else 0
Age 45 to 60 Dummy = 1 if  respondent age between 45 and 60 years, else 0
Age > 60 Dummy = 1 if  respondent age greater than 60 years

Household Income
Income: < 50 K Dummy = 1 if  household income is less than $50,000, else 0
Income: 50 to 100 K Dummy = 1 if  household income is $51,000 to 100,000, else 0
Income: > 100 K Dummy = 1 if  household income is more than $100,000, else 0

Household residence Dummy = 1 if  household lives in Southeast Alaska, else 0
Dependent children Dummy = 1 if  household has dependent children age 18 years or less
†The status quo (current forest management plan) is already paid for through federal taxes. The incremental cost to Alaska households is zero
dollars. In the choice sets, its levels were set at 0, 1, and 5%, meaning that 0% of old growth scheduled for harvest is preserved; and 1% of second-
growth acres and 5% of watershed miles are restored. In estimation, these levels were normalized to zero.

spawning locations (Dunlap 1997). River and stream degradation
stemming from timber production adversely affect many other
ecosystem services, beyond those just associated with consuming,
viewing, or knowing that wild salmon exist in historically
abundant levels. For example, documented examples on the
Tongass include the degradation of nutrient cycling (Tiegs et al.
2008), water regulation (Gomi et al. 2004), and erosion control
services (K. Kahklen and W. Hartsog 1998, unpublished
manuscript).  

Stream restoration includes placement of large downed wood,
creation of pools, bank stabilization, culvert replacement,
riparian thinning, and road decommissioning. With approximately
500 miles of degraded streams (USFS 2006), current Tongass
management plans target only about 5% of these stream miles for
restoration activities (attribute level in the status quo alternative).
Alternately, the conservation alternatives in the choice experiment
allowed respondents to value the restoration of up to 100 miles
of prioritized degraded streams. Investments in restoration
activities have been shown to improve the aquatic health of
degraded streams by improving soil stability, water quality, and
aquatic habitat for fish and invertebrates (Keeley et al. 1996).
Watershed restoration also generates engineering and
environmental consulting jobs.

Second-growth forest restoration
Decades of logging in the Tongass have left 470,000 acres in
degraded conditions along with miles of abandoned timber roads
that contribute to erosion. The second-growth trees that follow
logging are too dense to produce the natural amount of grasses
and berries that are critical to wildlife (Wallmo and Schoen 1980).
This impaired state has persisted for well over 100 years (Alaback
1982). Primary affected ecosystem services include the
degradation of wildlife habitat (e.g., Kirchoff and Schoen 1987,

Flatten et al. 2001), decreased carbon storage (Leighty et al. 2006),
and degraded disturbance regulation (Harris 1999). The
degradation of these services also has cascading adverse effects
on numerous cultural and provisioning ecosystem services
directly and indirectly associated with these forests.  

Forest restoration includes variable density thinning of trees (as
opposed to even-spaced plantation thinning) and can improve
understory production, native biodiversity, and speed the
successional trajectory to old-growth conditions (Christensen
2012). Forest restoration in the Tongass would also generate
employment opportunities and woody by-products (Hjerpe
2011). According to the current Tongass management plans,
about 1% of the second growth acres are targeted for restoration
activities (attribute level in the status quo alternative). In contrast,
the proposed conservation management plans offered to
respondents in the choice experiments allowed for the restoration
of up to 100,000 acres of prioritized second growth (out of
470,000 acres).

Survey administration
Because Alaskans have varying levels of knowledge about the
Tongass, the set of attributes and their levels were explained to
respondents. The attributes addressed conservation objectives in
a meaningful and implementable way, and how important they
were to respondents in terms of their use values, passive use values,
and opportunity costs. The information about the selected
conservation attributes and their levels formed the basis for the
creation of orthogonal choice sets. Using SAS experimental
design procedures, four attributes with three levels each were used
to create 32 alternative choice sets. Because processing
information about 32 choice sets is an enormous task, the 32
choice sets were randomly divided into 8 blocks of 4 choice sets
each. In effect, each respondent was asked to choose the most
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preferred option from each of the 4 choice sets, as well as rank
them. A sample choice set administered to Alaskan households
is given in Appendix 1. As the choice set shows, discrete choice as
well as ranking data were generated. In the interest of brevity we
analyze only the discrete choice data. To ensure that the survey
would realistically elicit data of interest from respondent
households, a pretest was carried out. Modifications to the
questionnaire were made following the pretesting phase.  

Each choice set included a status quo alternative whereby the
current level of management (and thus, the current quantity and
quality of derived ecosystem services) were assumed to continue
over the next five years at no extra cost to the respondents, and
two conservation alternatives requiring respondents to pay a one-
time lump sum amount in return for ecological improvements
over and above what could be achieved under the status quo. The
inclusion of the status quo alternative allowed stakeholders
adversely affected by conservation alternatives to reject any pair
of alternatives in case they choose to do so. Note that the
conservation alternatives were not labeled; the selected attributes
and levels were assumed to communicate all the relevant
information. Changes in attribute levels were communicated to
respondents by measuring them relative to their levels in the status
quo alternative.  

The sample frame for the study consisted of Alaskan households.
An introductory section explained the context in which choices
were to be made, including cheap talk scripts that described
hypothetical bias and the need to consider personal budgetary
thresholds. Respondents were informed that completion of the
exercise would help policy makers in prioritizing management
strategies. Following the pretest, a sample of households was
randomly drawn based on their willingness to participate in a
web-based survey. To maximize response rate and induce
respondents to answer all questions, 10 prizes amounting to $100
each were promised and eventually given to randomly selected
respondents. A follow-up telephone survey of a random
subsample of nonrespondents was undertaken after the survey
close-off  date to find reasons for nonresponse.

Willingness to pay estimation
Given the multiattribute nature of current and proposed forest
management alternatives in our research, we used a choice
experiment. To obtain parameter estimates, the data were dummy
coded. Three alternative models including conditional logit,
nested logit, and random parameter logit were estimated using
NLOGIT 4. Choice experiments generate a rich level of statistical
information by allowing researchers to describe complex
scenarios and trade-offs, and focus on more than one trade-off
simultaneously. By incorporating the cost of implementing the
proposed management alternatives as one of the attributes,
parameter estimates from probabilistic choice models can be
converted into willingness-to-pay estimates for changes in
attribute levels (Adamowicz et al. 1998, Rolfe et al. 2000).  

Random utility theory (McFadden 1974) provides the theoretical
basis for analyzing and interpreting choice experiment data.
According to this theory, the indirect utility function (Uij) for
respondent i who chooses alternative j in the choice set can be
expressed as the sum of a systematic (Vij) and random component
(εij): 
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The systematic component is typically specified as a function of
the attributes of alternatives (Xj) and respondent characteristics
(Zi). The random component (εij) captures the influences of
unobservable factors on individual’s choice and allows
probabilistic statements to be made about actual choices. Thus,
let Uij be the utility individual i associates with alternative j.
According to random utility hypothesis individual i will choose
alternative j from choice set Ci if  and only if  
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The probability that an individual i will choose alternative j rather
than alternative k is given by 
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Conditional logit
Assuming the random component of utility is independently and
identically distributed across alternatives with extreme value type
I distribution, the probability that individual i will choose
alternative j from J alternatives in choice set Ci is given by (Greene
2008) 
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where β are the parameters estimated using conditional logit. The
systematic component may include the alternative specific
constant (ASC), which can be manipulated to analyze endowment
effect and interacted with individual-specific characteristics to
account for preference heterogeneity (Adamowicz et al. 1998,
Meyerhoff et al. 2009). The distribution assumption about the
random component imposes the independence from irrelevant
alternatives (IIA) restriction on the model. The restriction implies
that cross-substitutions between pairs of alternatives are equal
and unaffected by the presence or absence of other alternatives.
When IIA is satisfied then the ratio of choice probabilities is not
affected by whether another alternative is in the choice set or not.

Nested logit
To overcome the IIA restriction one option is to estimate a nested
logit model, grouping similar alternatives into separate nests such
that the random components are correlated within a nest of a
choice set but not across nests. Let us divide the J alternatives into
nonoverlapping branches with each branch containing Jb 
alternatives. The nested logit probability Pijb is equal to the
product of conditional probability of alternative j in branch b
and marginal probability of branch b. That is, 
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where the first term on the right-hand side, Pij|b, is the conditional
probability that respondent i chooses alternative (j) given that an
alternative in branch b is chosen whereas the second term is the
marginal probability of choosing an alternative in branch b.
Assuming that the error term in the respondent’s utility function
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follows a generalized extreme-value distribution, the nested logit
probability can be expressed as (Greene 2008) 
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The coefficient τ is the inclusive value coefficient or dissimiliarity
parameter (Ben-Akiva and Lerman 1985). The null hypothesis of
the conditional logit model against the nested logit specification
is Ho: τ = 1. Failure to reject this hypothesis means the nested logit
collapses to conditional logit. Conversely, values significantly
different from one justify nested logit structure. A global
sufficiency condition for the nested logit model to be consistent
with random utility maximization is that the parameter of
inclusive value (τ) be in the range 0-1 and not increase as we go
to higher levels of the tree (Louviere et al. 2000).

Random parameter logit (RPL)
In a random parameter logit model, the unknown parameters are
assumed to be random, taking different values across the sampled
respondents. The model is more general because it does not
impose the IIA restriction at any level. According to RPL, the
utility that individual i derives from choosing alternative j given
by 
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where uik, k=1,...., K, is multivariate normally distributed with
correlation matrix R, k is the standard deviation of the kth
distribution. Hensher et al. (2005) recommend constraining the
distributions of the standard deviations when estimating the
parameters is the mean of the distribution, zi is a vector of person
specific characteristics that do not vary across choices, and εij is
a random term that is assumed to be independently and identically
distributed extreme value. The parameters are estimated using
simulated log-likelihood as the log-likelihood for the model
cannot be solved analytically.

Implicit prices and scenario willingness to pay
Estimates of the coefficients of systematic component (Vij =) can
be used to calculate willingness to pay (WTP) for improvements
in utility as the difference between expected values of maximum
utility after and before improvement, divided by the coefficient
on cost variable (βc), which proxies marginal utility of money. For
changes in a single attribute (x), marginal willingness to pay
(mWTP or implicit price) is given as: 
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Marginal willingness to pay (mWTP) associated with changes in
several attributes is 
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EMPIRICAL RESULTS
A survey research firm based in Anchorage, Alaska was
contracted to administer the web-based survey from 9 April 2012
through 15 October 2012. A total of 1021 participants were
recruited after making 61,260 phone calls in the state of Alaska.
Participants were sent a personal message stating the purpose of
the survey, the organization conducting it, and the estimated time
required to complete the survey. In addition, the participants were
told that of those who answer all survey questions, 10 will be
randomly picked and given US$100 each. By the end of the survey
period 480 actually participated, with 384 of them answering all
four discrete choice questions. A random sample of 20 of the
nonrespondents was contacted to inquire about the reasons for
not completing the survey. Most of the refusals were people who
simply declined to participate and hung up without specifying a
particular reason. The ones that did comment mentioned that
they were not interested in the topic and/or uncomfortable giving
out personal information. Considering the vast expanse of Alaska
and issues with mailing, the web-based survey was the best option
although over-representation of those with access to internet and
computer literacy is possible and sample selection bias cannot be
entirely ruled out.

Descriptive statistics
The analysis in this study is based on the responses of those 384
households that chose their favorite alternative from each of the
four discrete choice sets. Of the three choice alternatives, the status
quo alternative was chosen 24% of the time, whereas conservation
alternative A was chosen 40% of the time and alternative B 36%
of the time. Socioeconomic characteristics are reported in Table
2. A comparison with 2010 official statistics for Alaska from the
U.S. Census Bureau shows over-representation of those over the
age of 45, those with greater education, and those dependent on
forestry (14% of respondents reported some income from logging
and wood products industries), and under-representation of those
in income class less than $45,000 and more than $100,000. These
departures from official statistics should be kept in mind when
extrapolating results to the state level.

Table 2. Descriptive statistics of variables used in the econometric
analysis.
 
Variable Mean St. Dev Min Max

Frequency of Choice Alternatives
Conservation Alternative A (%) 0.40
Conservation Alternative B (%) 0.36
Status Quo (%)
 

0.24

Household characteristics
Gender 0.55 0.49 0 1
Age
Age <45 0.26 0.44 0 1
Age 45 to 60 0.44 0.50 0 1
Age >60 0.30 0.46 0 1
Household residence 0.58 0.49 0 1
Household Income
Income: < 50 K 0.23 0.42 0 1
Income: 50 to 100 K 0.37 0.48 0 1
Income: > 100 K 0.40 0.49 0 1
Dependent children 0.81 0.40 0 1
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Table 3. Estimation results of conditional logit, nested logit, and random parameter logit models.
 

Conditional logit Nested logit Random parameter logit

Coeff (Std.Err) P[|Z|> z] Coeff (Std.Err) P[|Z|> z] Coeff (Std.Err) P[|Z|> z]

Alternative-specific Attributes
Old-growth conservation
50% acres 0.475 (0.079) 0.000 0.247 (0.049) 0.000 0.508 (0.095) 0.000
100% acres 0.340 (0.079) 0.000 0.199 (0.043) 0.000 0.531 (0.109) 0.000
Watershed restoration
50% miles 0.301 (0.077) 0.000 0.192 (0.041) 0.000 0.438 (0.092) 0.000
100% miles 0.295 (0.073) 0.000 0.182 (0.040) 0.000 0.450 (0.097) 0.000
Second-growth forest restoration
50% acres 0.235 (0.075) 0.002 0.155 (0.040) 0.000 0.493 (0.107) 0.000
100% acres 0.210 (0.075) 0.005 0.125 (0.040) 0.002 0.336 (0.093) 0.000
Cost
Dollar cost -0.002 (0.001) 0.008 -0.001 (0.001) 0.066 -0.004 (0.001)

 
0.001

Standard Deviations of Random
parameters
Old-growth conservation
50% acres 1.015 (0.190) 0.000
100% acres 1.062 (0.218) 0.000
Watershed restoration
50% miles 0.876 (0.183) 0.000
100% miles 0.899 (0.194) 0.000
Second-growth forest restoration
50% acres 0.986 (0.215) 0.000
100% acres 0.672 (0.186)

 
0.000

Household characteristics
Gender 0.743 (0.135) 0.000
Age 45 to 60 years -0.657 (0.162) 0.000
Age > 60 years -0.167 (0.162) 0.303
Residence 0.596 (0.138) 0.000
Income $50 - 100,000 -0.725 (0.163) 0.000
Income > $100,000 -0.650 (0.172) 0.000
HHs with children
 

0.756 (0.177)
 

0.000

Dissimilarity Parameters
Conservation (τ

1
) 0.476 (0.080) 0.000

Status quo (τ
2
)

 
1.000

 
Fixed

 
Model statistics
Number of households 384 384 384
Number of choice sets 1536 1536 1536
Log-likelihood -1620.267 -1567.100 -1587.921
Hausman IIA test (τ = 1) 15.586 0.029
AIC 2.119 2.060 2.077
BIC 2.143 2.123 2.101
Pseudo R-Squared 0.018 0.099 0.059

Econometric results
Based on the Hausman test, the null hypothesis of the
independence from irrelevant alternatives (IIA) is rejected at the
5% level of significance (p = 0.0292). Therefore, it is not
appropriate to use conditional logit to analyze our data because
the parameter estimates would be inconsistent. Partially relaxing
IIA, a nested logit with two nests was estimated whereby the
proposed alternatives were placed in one nest and the status quo
alternative in the other. The inclusive value for the status quo
alternative was constrained to 1. The estimated value of
unconstrained tau (inclusive value = 0.852) is in the interval 0-1

and significant at 10%, suggesting that using nested logit is
appropriate for this data and in accordance with random utility
hypothesis. Based on pseudo R-squared as well, the nested logit
performs well compared with conditional logit and fits the data
better. However, the log-likelihood at convergence and
information criteria suggest that the more flexible random
parameter logit, which does not impose IIA at any level and allows
for preference heterogeneity, performs even better than nested
logit. Thus, while results of conditional logit, nested logit, and
random parameter logit are reported in Table 3, the rest of the
article presents findings based on random parameter logit.  
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Table 4. Marginal willingness to pay (mWTP) based on random parameter logit model, and state level extrapolated willingness to pay
for Tongass conservation programs (2012 U.S. dollars).
 

Estimates† Extrapolated to the State‡

mWTP Std Err. P[|Z|> z] Mean Lower bound Upper bound

Attribute-specific
Old-growth conservation
50% acres 146.87 35.30 0.000 33,347,600 25,332,000 41,363,100
100% acres 153.61 40.87 0.000 34,878,600 25,597,400 44,159,700
Watershed restoration
50% miles 126.70 32.33 0.000 28,767,600 21,426,200 36,108,900
100% miles 130.02 35.91 0.000 29,522,900 21,369,800 37,676,000
Second-growth forest restoration
50% acres 142.55 39.58 0.000 32,366,500 23,378,400 41,354,600
100% acres 97.16 32.29 0.003 22,061,300 14,730,300 29,392,300

 
Program-specific
50% all attributes 416.11 84.95 0.000 94,481,600 75,192,000 113,771,300
100% all attribute 380.79 83.80 0.000 86,462,800 67,434,800 105,490,800
†Estimated based on delta method using NLOGIT 4 (Greene 2007).
‡ Sample mWTP estimates extrapolated to 252,290 total Alaskan households, reduced by the percent (10) of poverty level households (U.S. Census
Bureau 2010).

The coefficients on all alternative-specific attributes are
significant at 1% and have appropriate signs. Specifically, the
coefficient on cost (representing one-time household contribution
to finance the proposed improvements over the status quo) is
negative. All else equal, alternatives with higher cost are less likely
to be chosen because higher cost reduces utility. The coefficients
on all noncost attributes including old growth conservation,
watershed restoration, and second-growth forest restoration are
positive. This suggests that an increase in preservation and
restoration activities increases household utility and that there is
a strong preference for the proposed alternatives. Capturing
preference heterogeneity among Alaskan households, all the
standard deviations associated with the random parameters are
highly significant, meaning there are important differences
among Alaskan households in terms of their valuations for the
different levels of preservation and restoration activities.
Specifically, men, those aged less than 45 years, residents of
Southeast Alaska, with annual household incomes of less 50,000
dollars, and those with dependents less than 18 years revealed
status quo bias.

Mean marginal willingness to pay for conservation
The estimated coefficients were used to determine Alaskans’
marginal willingness to pay (or implicit prices) for improvement
in each attribute according to Equation 8. The results (reported
in Table 4) show that a typical Alaskan household is willing to
pay $147 to preserve 50% of the old growth scheduled for harvest
in the Tongass, and $154 to preserve 100% of the old growth
scheduled for harvest, thus implying diminishing marginal utility
for higher levels of the attribute. The corresponding willingness
to pay estimates for restoring 50% and 100% of the prioritized
degraded salmon streams are $127 and $130, exhibiting a similar
valuation behavior as for the old-growth preservation attribute.
In contrast, WTP for restoring 50% and 100% of the prioritized
second-growth forest acres are respectively $143 and $97. Clearly,
levels of the second-growth forest restoration are viewed
differently. The estimated marginal willingness to pay for a 50%

increase in all three attributes (program low) is $416 per household
whereas for a 100% increase in all attributes (program high) it is
$381 according to Equation 9.

DISCUSSION AND CONCLUSIONS
The objective of this study was to use best practices for designing
a choice experiment most applicable for forest planning and
management to measure WTP for conservation programs on the
Tongass. The mean WTP for 50% old-growth preservation
(US$147 2012) is consistent with the mean preservation values
found in a meta-analysis (Hjerpe et al. 2015) of global ecosystem
conservation (US$131 2010). Estimation results based on random
parameter logit show that household WTP varies depending on
the attribute and specific level. However, there are important
differences in how respondents value different levels of each
attribute. In particular, the scope effect seems to hold for old-
growth preservation and watershed restoration attributes (with
the 100% level preferred more than 50% level), but does not for
the second-growth forest restoration attribute. For this attribute
the coefficient on 100% is much smaller than the corresponding
coefficient on 50% level. This valuation pattern suggests that
Alaskans hold significant values for nontimber outputs because
the background information provided to them on old growth
preservation explicitly stated that the benefits would be of
nontimber type and would entail the loss of timbering jobs on
these acres. Yet, the smaller program WTP for a 100% increase in
all noncost attributes compared with a 50% means that Alaskans’
support for conservation has a threshold and is diminished past
a certain point.

Implications for forest management
Because the majority of economic values associated with
conservation alternatives on public forests do not exclude others
from holding those values (nonrivalry goods), using a regional
accounting stance would be too narrow to reflect the benefits and
costs to all U.S. citizens, and will seriously misrepresent changes
in economic well-being. Some may even consider the U.S. as too
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narrow, and would prefer using a much larger region for
accounting because the Tongass accounts for approximately one-
third of the world’s coastal temperate rainforests (DellaSala et al.
2011). In a study focused on willingness to pay to remove dams
to restore salmon populations in Washington, Loomis (1996)
found that the rest of the U.S. households reflected 97% of the
benefits. In another study, Pate and Loomis (1997) found that
WTP for wetland improvements would be undervalued by $300
million if  limited to the political boundaries represented by the
study site. Thus, for old-growth conservation for which a
significant majority of U.S. citizens hold passive use values,
extrapolating the willingness to pay estimates of the current
research to the U.S. level might be justifiable, although the passive
use values held by nonresidents may not be the same as held by
the locals. For example, Loomis and Gonzalez-Caban (1996)
report that nonresidents willingness to pay for protecting
California old-growth forests from fires declined by 1% for each
1000 mile increase.  

Because we do not know how the values change outside of our
sample, we conservatively extrapolate WTP estimates to the state
of Alaska only, understanding that this underestimates total
economic value as national WTP for Tongass conservation is
certainly greater than zero. Extrapolation to the state level should
be the least contentious because the sample was state-wide, the
forest is located here, and the forest benefits state residents in
numerous ways. However, sample selection bias must be examined
and socio-demographic information from survey respondents
indicated that our sample is fairly representative of values for the
entire state of Alaska. We also reduced the extrapolation by 10%,
the level of Alaskan households living below the poverty level.
We think households below the poverty line should not be
included in aggregation because they have no discretionary
income and because our sample had higher mean income ($99K)
as compared to statewide mean household income ($87K). Given
the total number of 252,290 Alaska households (U.S. Census
Bureau 2010) minus 10%, the state level estimate of marginal
willingness to pay for a 50% improvement in each of the three
attributes is $94.5 million, with a range $75.2 to $113.8 million
(Table 4).  

Economic efficiency analysis at the forest level, as determined by
benefit-cost analysis, has been the guiding economic information
used to decide management alternatives and is the place to
incorporate TEV estimates of conservation programs. Although
managers are not bound to choose the alternative that is deemed
most efficient (highest BCA ratio), economic efficiency analysis
is a major determinant of land use and is required by the National
Forest Management Act of 1976. USFS regional economic
efficiency has generally compared revenues (benefits) from timber,
minerals, and recreation to the agency costs of providing these
revenues. Traditionally, this has boiled down to comparing
stumpage receipts to the cost of timber sale preparation and
administration. Timber, mineral, and recreation revenues are
easily tracked and are emblematic of the use-values dominating
national forest economic efficiency analysis. Lesser known, and
perhaps more difficult to quantify, are the numerous indirect use
values held for supporting ecosystem services and the passive use
values that are affected by the type of management strategy
pursued. For example, what is the reduction in public passive use
values per additional scheduled acre of old-growth harvest? What
is the increase in value for scheduled conservation programs?  

Analyzing the benefits and costs of the Tongass old-growth
timber sale program illustrates that beyond being the last
industrial scale old-growth logging in the U.S., the Tongass is also
the most socially inefficient timber program in the U.S. Stumpage
receipts, or benefits, to the U.S. treasury on the Tongass have a
base rate of $7.12/mbf (thousand board feet) as compared to
correlating agency costs to produce timber sales of $101/mbf
(TLMP 2008:3-546), costs exceeding benefits by a ratio of 14. The
extremely low stumpage for Tongass timber is a result of the
exorbitant costs of timber production in remote Southeast Alaska
(Crone 2005). The economic inefficiency of the Tongass timber
program becomes even greater when incorporating the
opportunity costs of lost societal welfare determined in this study.
Dividing the extrapolated mean marginal WTP determined for
the 50% old-growth conservation attribute from Table 3 in this
study ($33.3 million) by the acres for that attribute (222,500)
reveals an average marginal willingness to pay of $150 per acre
of conserved old growth. At a finer scale, using an average sawlog
volume for Tongass timber stands of 20mbf/acre (TLMP
2008:3-327), the economic demand for conserving Tongass old
growth currently scheduled for harvest is approximately $7.50/
mbf. Thus, the economic value to society foregone by scheduling
Tongass old-growth timber for harvest is, by itself, greater than
the stumpage received for this timber. When adding this
opportunity cost to the agency cost of planning timber sales, costs
exceed benefits by a ratio of 15. This opportunity cost associated
with lost welfare values when scheduling old growth timber for
harvest can be directly calculated for each management
alternative based on the proposed acres of old growth scheduled
for harvest.

Recommendations for further research
Greater inclusion of nonmarket ecosystem service values in public
forest planning, as related to conservation or exploitation of
resources, faces institutional and methodological barriers. We
have identified many of these and have recommended best
practices for designing conservation valuation studies that are
applicable to public forest planning. While the economics
profession may not have much influence on reducing the
institutional barriers, economists can, and need, to improve their
valuation methods to provide greater application of results to
public lands management. Improving the applicability of
conservation valuation is a difficult task and will require more
deliberate approaches in experiment design and pretesting.
Environmental improvements associated with conservation can
be defined and articulated in numerous ways, making commodity
heterogeneity a significant issue for applicability (Van Houtven
et al. 2007). Based on our case study, we see a need for further
research on streamlining choice models so as to be in greater
alignment with public land management units and outputs,
providing for more valuable secondary information beyond just
final WTP estimates, determining the spatial extent of values for
extrapolation, and improved packaging of attributes and
alternatives so as to be bundling flows of ecosystem services in
similar directions.  

Discrete choice analysis, as used in this study, primarily focuses
on a household’s most preferred alternative. Information on the
next best choices of a household is lost. Contingent ranking
analysis that uses information on the most preferred options as
well as second and third preferred options would be helpful to
gain insights into the intensity of Alaskans feelings toward the
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proposed management alternatives. Research on the role of
attitudes and opinions and the underlying rationale would also
be helpful. In particular, researching how the relative significance
of various types of values (use versus passive use) changes
spatially, across socio-demographic groups, and across
stakeholders (e.g., forest industry, loggers) would help policy
makers in honing implementation of the proposed management
alternatives.  

__________  
[1] We use the term “old growth” to represent all stands not
impacted by industrial-scale logging and do not consider an
arbitrary tree age. These natural forest stands are typified by
mature forests, but include patches of various aged trees that have
been naturally regenerated by disturbance.
[2] Unproductive forests are defined by the U.S. Forest Service as
forests incapable of growing at least 20 cubic feet of industrial
wood per acre per year.
[3] This recommendation can be at odds with landscape
approaches to valuation because ecosystem boundaries are
different in shape, size, and function as compared with
administrative and political boundaries. Valuations conducted on
small administrative units might benefit from restricting
attributes to unique management units.

Responses to this article can be read online at: 
http://www.ecologyandsociety.org/issues/responses.
php/8122
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Abstract

Roadless areas are free from any kind of road(-like) infrastructure and their direct or indirect impacts on the ecosystems. The
largest tracts of ecologically most valuable roadless areas refer to large unfragmented forests regions, both in the tropics and
the boreal zone (Amazon, Congo basin, East and Southeast Asia). Among all terrestrial ecosystems, roadless forests are the
single most important strongholds of regulating ecosystem services: among others, soil protection, water retention, buffering
of the local and regional climate and mitigation of global climate change via capturing of atmospheric carbon. But roadless
areas also comprise much demanded natural resource assets, such as timber, often also minerals and space for agricultural
development. There is a substantial conflict between diverse short-term economic interests and the long-term conservation
of roadless areas. Large roadless areas can serve as a measurable surrogate for the most pristine and functional ecosystems.
Roadlessness is a property of areas, which are not impacted by roads; it can be used as a proxy for assessing ecosystem
integrity and the absence of many anthropogenic disturbances. We recommend that policy-makers give roadless areas
conservation priority over areas that have already been fragmented. It is essential to establish roadlessness as a criterion for
the planning of ecosystem-based, cost-effective sustainable development. In parallel with measures to protect roadlessness,
we recommend alternative approaches to mobility that can work under roadless conditions, e.g., related to railroads, blimps
and other low-energy technologies with low infrastructure requirements. Even if “climate-friendly” renewable energy was
available for road transport on a large scale, the construction, existence and operation of roads would continue to severely
impair ecosystem functionality.

How Do Roads Impact Ecosystems?

The manifold impacts of roads on ecosystems start with local and direct effects caused by construction, continue when the road is
used and maintained, and then radiate into the wider landscape (Font et al., 2014; Forman and Alexander, 1998; Riley, 1984).
Environmental degradation, changes in ecological processes, and decline of biodiversity on all hierarchical levels are the conse-
quence (Chaplin-Kramer et al., 2015; Fahrig and Rytwinski, 2009; Forman, 2000; Forman et al., 2003; Kleinschroth and Healey,
2017; Martin et al., 2000; Riitters and Wickham, 2003; Young, 1994) (Figs. 1 and 2).

Direct impacts of road construction include the physical conversion of sites, soil compaction, dust, salt, and heavy metal
pollution, changes to the microclimate by creating extended surfaces that heat up and do not retain water as well as the creation of
edges that are vulnerable to windthrow of trees. Noise and light pollution degrade the quality of faunal habitats, and vehicle
collisions cause increased wildlife mortality (Benítez-López et al., 2010; Ferreras et al., 2001; Gibbs and Shriver, 2005; Jaarsma et al.,
2007; Kaphegyi et al., 2013; van Langevelde et al., 2009; Seiler, 2001; Wadey et al., 2018). Furthermore, roads cause the
fragmentation of continuous ecosystems and the isolation of remnant landscape patches, create barriers, cutting off populations
and restricting gene flow, which can eventually lead to local extinction (Ceia-Hasse et al., 2017; Epps et al., 2005; Rytwinski and
Fahrig, 2015). The barrier effect of roads is species-specific and depends on body size, mobility and speed of fauna. In addition to
the road itself, fragmentation of populations of certain species can become much more severe by building fences along roads to
prevent wildlife crossings and accidents (Epps et al., 2005; Linnell et al., 2016). Roads reduce landscape connectivity, alter species
behavior, and can lead to changes in species composition (Forman et al., 2003; Hansen and Clevenger, 2005; Freudenberger
et al., 2012).
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The “contagious effect” of roads (Selva et al., 2015) describes how newly constructed roads in previously inaccessible areas
trigger a cascade of disturbances and impairments of ecosystems. Indirect impacts of roads are caused by promoting socioeconomic
activities such as resource extraction, agriculture or tourism, which previously were rather restricted or even absent. They provide
access to remote and scarcely inhabited areas and often lead to deforestation, urbanization, mining, human-caused wildfires,
hunting, poaching, and fishing, all together resulting in further degradation of habitats and ecosystem functionality (Laurance,
2009; Laurance and Arrea, 2017; Liu et al., 2008; Selva et al., 2011; Trombulak and Frissell, 2000). Especially in forest ecosystems
the microclimatic and biotic changes along the road edges can increase the risk of wildfires and trigger further destabilizing
consequences for ecosystem functionality (e.g., Chaplin-Kramer et al., 2015; Lembrechts et al., 2017; Foley et al., 2003; Norris
et al., 2012; Eigenbrod et al., 2015).

Direct impacts of roads can be quantified in various ways by counting wildlife road kills or measuring habitat loss and
fragmentation, whereas indirect impacts can be very complex, time-lagged and go far beyond main roads that often trigger the
development of smaller trails and paths, which makes it more difficult to understand and assess them (Forman et al., 2002; Freitas

Biodiversity, richness,
animal abundance and
behavioral changes

Invasive species

Deforestation

Resource extraction
and hunting

Noise, pollution,
general disturbance

Land-use changes
and fragmentation

Fig. 1 Schematic representation of different categories of road impacts on biodiversity. Road impacts diminish with the distance from the road. From Ibisch, P. L.,
Hoffmann, M. T., Kreft, S., et al. (2016). A global map of roadless areas and their conservation status. Science 354(6318), 1423-1427, supplementary material.

2 Roadless Areas as Key Approach to Conservation of Functional Forest Ecosystems



et al., 2015; Jędrzejewski et al., 2018; Selva et al., 2011; Shilling et al., 2015; Wilkie et al., 2000). Direct and indirect effects of roads
on ecosystems are scale-dependent and have to be analyzed with regard to their spatial scopes. Forman and Alexander (1998)
termed the area influenced by roads “road-effect zone” (REZ). A REZ comprises the areas which extend beyond an actual road but
are still affected by road construction, usage or maintenance. Type and degree of impact changes, depending on the zone that is
affected. The REZ is determined by various factors such as the distance from the road surface, environmental conditions, season,
landscape structure, topography, or traffic intensity (Forman and Deblinger, 2000).

Species and ecosystems react specifically to the diverse combinations of road effects and landscape conditions; impacts can be
asymmetrical along roads and vary temporally or seasonally (Ibisch and Selva, 2017; Kleinschroth et al., 2016; Morán-López et al.,
2017). Hence, it is not possible to identify a single road-effect zone combining all direct and indirect road effects on biodiversity and

Fig. 2 Impressions of diverse road impacts on forests. Logging roads and trails often start the cascade of degradation. Among the most prominent impacts are soil
compaction and opening up forest canopies (A: Skidding trail in temperate Carpathian beech forest, Ukraine; B: Harvester providing access to planned clearcut area
in boreal forest, Arkhangelsk region, Russian Federation). In mountain areas downstream road impacts multiply first direct effects; they commonly lead to erosion,
destabilization of slopes and disturbance of rivers (C: Recently improved road in Andean montane rain forest, Ecuador). Roads provide access to highly vulnerable
areas such as peatlands, drive land use change and cause changes in the landscape hydrology (D: Oil palm plantation on peatlands replacing a former tropical peat
swamp forest at the edge of the Klias reserve in Sabah, Borneo, Malaysia). Roads become veins of colonization in remote regions introducing contagious effects into
the wider landscape (E: Main road with a belt of increasing settling and land use activities such as cattle ranching in northern Kalahari, Kavango region, Namibia).
Roads are often built even in the centre of protected areas leading to loss of habitat, change of microclimate and increasing the risk of wildfires or neobiota (F: Road
with tourists within Ku-Ring-Gai National Park, Australia). All photographs by Pierre Ibisch.
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species. For instance, a highly altered and structurally impoverished grassland impacted by a new concrete road with heavy traffic
cannot be compared to a complex, intact and functional forest ecosystem crisscrossed by narrow dirt roads used by poachers and
illegal loggers. In mountains, there are also downstream effects of roads that can extend over large distances. These would be related
to run-off, soil erosion, and river water quality, among others (Ibisch and Selva, 2017; Seutloali and Beckedahl, 2015). In the
Southwest Amazon rainforest region, indirect effects have been recorded up to 45 km around main roads (Southworth et al., 2011).
In contrast, the road-effect zone for desert turtles in California is over 400 m from the road (Boarman and Sazaki, 2006). Bat activity
increases more than threefold between 0 and 1600 m from the road (Altringham and Kerth, 2016). For anurans in Canada,
Eigenbrod et al. (2009) estimated a REZ of 250–1000 m. Dutch birds were affected by roads within a distance of 40–2800 m from
the road, depending on the species and traffic volume (Reijnen et al., 1995). A population decline extends over distances up to 5 km
for mammal species and up to 1 km for bird species (Benítez-López et al., 2010). Most of the direct negative impacts caused by roads
are at a distance of one kilometer to the nearest road (Ibisch et al., 2016).

Roads and Roadless Areas in Forests

Often, forests are mapped as roadless within heavily roaded landscapes such as in Germany. However, upon closer inspection these
areas are by no means truly road-free ecosystems; rather, there are countless forest trails and forest roads that have not yet been
mapped (Hoffmann and Ibisch, 2017). Even if these are not public roads and characterized by very low traffic intensity, they can
contribute to ecosystem vulnerability:

• As forests are the most biomass-rich and structurally most complex terrestrial ecosystems, they are especially vulnerable to
physical, chemical and biological degradation mechanisms that can be referred to the presence of roads. The complex, three-
dimensional structure established by trees—often organized in various strata—together with high biomass facilitate a pro-
nounced physical moderation and regulation of environmental conditions. For instance, forests produce their own cooler, more
buffered and moister microclimate, which is a key property to their resistance and resilience against disturbance (e.g., Norris
et al., 2012). By opening up the canopy and creating linear breaches, roads affect the self-regulating capacity of forest ecosystems,
reducing the microclimatic buffering capacity.

• The combination of higher temperatures and lower humidity along roads, the presence of combustible fuel such as remnants of
cut or dying trees, often amplified by secondary vegetation with combustible plants, and the presence of people, who tend to
inconsiderately light fires, multiplies the risk of forest fires.

What Are Roadless Areas and Where Are They?

Roadless areas are free from any kind of road(-like) infrastructure and their direct or indirect impacts on the ecosystems. In the
research for the first global map of roadless areas (Ibisch et al., 2016), a 1 km buffer was chosen as a relatively conservative measure,
acknowledging that there are impacts that can be recorded beyond this distance from the road. Due to the absence of the road
impacts described above, roadless areas play a special role in the conservation of biodiversity and ecosystem functionality (Martin
et al., 2000; Strittholt and DellaSala, 2001; Crist et al., 2005; Selva et al., 2011). They increase landscape connectivity between
habitat patches and protected areas (Strittholt and DellaSala, 2001; Goetz et al., 2009) and can contribute to the conservation of
native, vulnerable, and endangered species (Campaign, 2001; Gelbard and Harrison, 2003). They are particularly essential for
species that require and move across large territories (Crooks, 2002; Blake et al., 2008; Kaphegyi et al., 2013; Kuemmerle et al.,
2018). Roadless functioning ecosystems have a higher buffer capacity and are more resilient than roaded areas, making them less
vulnerable to the effects of climate change (McGarigal et al., 2001; Crist et al., 2005). Even small roadless areas can be of importance,
as they serve as habitat, stepping-stones, and climate refugia for certain species, as well as reference areas for restoration. Clearly,
biological diversity is positively related to the size of a conservation area (Develice and Martin, 2001), and larger roadless areas are
especially valuable.

The very first OpenStreetMap (OSM)-based global analysis of roadless areas distribution across Earth’s biomes showed
substantial geographical differences (Ibisch et al., 2016). The Tundra and Rock and ice-covered biomes were nearly roadless.
A high share of roadless areas was also found in Tropical and Subtropical Grasslands, Savannas, Shrublands, and Moist Broadleaf
Forests in Montane Grasslands and Shrublands, Deserts and Xeric Shrublands, as well as in Boreal Forests/Taiga. Half of the
Mediterranean Forests, Woodlands, and Scrublands appeared to be roadless, whilst in Temperate Broadleaf and Mixed Forests the
roadless share was <50%. In the Tropical Forests large roadless areas exist in South America, Africa, and Southeast Asia. The largest
tracts of roadless areas exist in the Sahara, but also in forest regions such as the northern and western Amazon and the boreal forests
in northern and northeastern Russia and Canada (Figs. 3 and 4).

Highest road density can be observed in the Temperate Broadleaf and Mixed forests biome, especially in industrialized countries
with high population density and economic outputs, such as the (eastern and central) USA, most European countries, South Korea
or Japan. This reflects both the completeness of the road data sets and actual economic development. In Asia, South America and
Africa road infrastructure is rapidly developing. In Africa and Southeast Asia, in many countries, the national share of (1 km OSM)
roadless areas between 2013 and 2018 has substantially decreased by >30% (e.g., Sri Lanka from 66% to 26%; own unpublished
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data). This would mainly be due to intensified OSM mapping efforts, but should also reflect progressing road infrastructure (see
below, following section).

To understand the relative importance and ecological value of roadless areas it is important to assess their ecologically relevant
features and the presence of non-road related threats. An example for roadless, but used landscapes are rangelands. Often large,
intensively managed agricultural areas, mining or military sites appear as roadless areas if the distance to the road is >1 km. Still,
they are not necessarily free from traffic, and land use can have severe degradation effects on ecosystems (Hoffmann and Ibisch,
2017). As in the context of assessing the quality of wilderness areas, certain criteria can be applied for further understanding the
relative ecological value and conservation priority of roadless areas. In the context of the first global map, Ibisch et al. (2016)
proposed the Ecological Value Index of Roadless Areas (EVIRA). This index encompasses three indicators. The first indicator consists
of the Ecological Functionality Index (EFI) (Freudenberger et al., 2012), the second is patch size and the third is connectivity of the
patches using Thiessen polygons. Ecological Functionality was weighted by 50% the last two by 25% each. The largest tracts of
ecologically most valuable roadless areas refer to large unfragmented forests regions, both in the tropics and the boreal zone
(Amazon, Congo basin, East and Southeast Asia; Fig. 5). There are also very important roadless areas in some temperate and
subtropical regions (e.g., Himalaya, eastern Russia, Caucasus, eastern Mediterranean).

Fig. 3 Roadless area in eastern Noel Kempff Mercado National Park in Bolivia. Vast tracts of tropical moist forests in contact to Cerrado woodlands and savannas
represent huge complexes of free-willed, functional ecosystems Photograph: Pierre Ibisch.

Fig. 4 Map of global roadless area patch sizes in km2. From Ibisch, P. L., Hoffmann, M. T., Kreft, S., et al. (2016). A global map of roadless areas and their
conservation status. Science 354(6318), 1423-1427.
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What Are the Data Needs and Prospects Regarding Roadless Big Data Management and Research?

Cartographically, roadless areas are identified as areas that remain once roads and buffers (on each side of the road) are removed
from the country data set. The buffer can be adapted to the road category or condition of the ecosystem (e.g., 1 or 5 km, see Ibisch
et al., 2016). For the first global map of roadless areas open-source data was used, created by OpenStreetMap (OSM). Open-
StreetMap works with volunteered geographic information (VGI), where citizens collect confirmable geodata (Goodchild, 2009;
Mooney and Corcoran, 2013). The 1 km buffer was applied on each side of all roads across all road categories that are included in
the OSM road data set (Ibisch et al., 2016) (Fig. 4).

The road network from 2013 was used in the roadless area study. It showed gaps in some regions, especially in Southeast Asia
(Ibisch et al., 2016; Hoffmann and Ibisch, 2017). Because OSM is a crowd-sourcing project, data collection is an ongoing process
(Mocnik et al., 2017). The OSM dataset of 2013 comprised almost 37 million km of roads. By 2018, the worldwide OSM data on
roads has doubled. The OSM data set is updated constantly, missing roads but also newly constructed roads are added. Several
quality assessments were conducted to evaluate the quality of OSM data (Koukoletsos et al., 2011; Barron et al., 2014; Zhao et al.,
2015). In a study published in 2017, the authors found that OSM is 83% complete in>40 countries (Barrington-Leigh and Millard-
Ball, 2017). The popularity of OSM is increasing and with it the number of mapped roads. Citizens shall be encouraged to actively
participate in creating geodata for open access purposes. A new road data set was published by GLOBIO in 2018 with 21 million
kilometers of roads that also incorporated OSM road data for the European Union (Meijer et al., 2018). An automated road
mapping algorithm that would use artificial intelligence identifying different road types on satellite images would be highly useful
for a reliable global monitoring (Laurance, 2018).

One of the downsides of global data sets is the size of the data and the consequent processing time and required computer
capacities. Big data has become an issue in many scientific fields. The amount of data is increasing exponentially, but systems that
can process this large amount of information are more likely to exist in commercial enterprises than in conservation-oriented
research entities. Big data processing is challenging (Demchenko et al., 2012). This is related both to the amount of data and to the
existing infrastructure and architecture, which, due to the volume, diversity, speed, truthfulness, volatility and quality of the data,
cannot process the information the way it was previously processed (Nasser and Tariq, 2015). Big data with high resolution need
storage space and proper running systems to handle andmaintain them (Marx, 2013; Bargellini et al., 2013). This field is developing
fast, and hopefully, in the future, it will be affordable for a broader public. Although the roads are well mapped in OSM according to
their location in most of the regions the meta data or attributes accompanying the data are often insufficient. Information on the
road category, lane and or width would be helpful in assessing the impact of roads more precisely. Traffic intensity is not yet
included in the OSM data, but can be used together with population density information to assess roadless areas at risk of
conversion due to demographic pressure. Even though there is an increasing amount of freely available data, geodata are not
always accessible and not consistent enough to be used on a large scale. Download times for large datasets can easily exceed 24 h
(unless they are integrated into systems like Google Earth Engine) and companies offering cloud computing services for data
processing are initially very expensive.

Roadless Areas and Society

The societal view on roadless areas shifts with changes in socioeconomic lifestyles. Indigenous, forest-dwelling people often
recognize disadvantages and risks related to roads such as diseases, poachers or invading settlers (e.g., Finer et al., 2008; Clements

Fig. 5 Map of Ecological Value Index of Roadless Areas (EVIRA). From Ibisch, P. L., Hoffmann, M. T., Kreft, S., et al. (2016). A global map of roadless areas and their
conservation status. Science 354(6318), 1423-1427.
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et al., 2018). Abrupt contact with modern life-styles via new roads has been observed to socially disrupt local communities in
remote forest regions. Worldwide attention was paid to the case of a road project through the Isiboró-Securé National Park and
Indigenous Territory in Bolivia, where indigenous peoples effectively protested against the government’s development plans
(El Deber, 2018).

In remote rural areas with predominantly agriculture-based livelihoods, local people by tendency would strive for improved
road access. Case studies have indicated that roads reduce poverty and increase consumption growth, and the incidence of hunger
seems to increase with distance to roads (compare Ibisch et al., 2016, Table S10, supplementary material), but there are also
socioeconomic risks (Alamgir et al., 2017). Today, most relevant actors would consider road infrastructure an essential condition for
economic development (Fan and Chan-Kang, 2005; Turner, 2006; Calderón and Servén, 2014). Especially in the case of forests,
roadless areas comprise much demanded natural resource assets, such as timber, but often also minerals and open space for
agricultural development. The substantial conflict between short-term economic interests and the long-term conservation of
roadless areas must not be denied.

The general awareness for the impacts of the global road network on ecosystems is relatively underdeveloped. When the first
global map of roadless areas was published in 2016 there was a substantial global media echo reflecting that journalists recognized
the importance of the topic, several of them acknowledging that the fragmentation of Earth took place largely unnoticed, although
virtually everyone uses roads. Theoretically, the current challenges to conventional mobility that led to overcrowded and polluted
cities and faces the need to move away from fossil energy sources, could trigger innovation towards more ecosystem-friendly
solutions. Unfortunately, the recent hypes around electro-mobility and autonomous smart driving perpetuate visions related to
individual automobiles that require roads. Currently, roadless mobility options, including railroads or low-energy flying devices
with limited requirements for permanent infrastructure (e.g., zeppelins, blimps), do not seem to be sufficiently developed for
representing an attractive alternative.

Roadless Areas Policy: What Are the Messages for Policy Makers?

With the global population expected to reach over 11 billion by 2100 (United Nations, 2017) and the global ecological deficit
gradually increasing up to 8380 million global hectares (Gha) (Global Footprint Network, 2018), a bold policy statement of setting
aside half of Earth as permanently protected areas for biodiversity conservation has been suggested for humanity to stave off a
cataclysmic extinction event (Wilson, 2016). Large roadless areas can serve as a measurable surrogate for the most pristine and
functional ecosystems. Given the importance of roadless areas for sustaining essential services to society, and their rapid dimin-
ishment globally, the key message to policy-makers is clear: Give roadless areas conservation priority over areas that have already
been fragmented. Roadlessness is a more or less easily measurable condition of an ecosystem serving as a meaningful proxy for its
integrity and the absence of many anthropogenic disturbances. It is essential to establish roadlessness as a criterion for the planning
of ecosystem-based, cost-effective sustainable development (Ibisch et al., 2016).

Roadlessness is tightly linked to the concepts of wilderness or intactness. Such global templates focus mainly on forests and
include the “High-biodiversity wilderness areas” (developed by Conservation International), “Last of the Wild” (The Wildlife
Conservation Society and Center for International Earth Science Information Network, Columbia University) and “Intact Forest
Landscapes” (Greenpeace and partners). Another global prioritization scheme was suggested focussing on ecologically functional
regions under climate change (EcoSocioClimateWise priority setting model; Freudenbergeret al., 2012). Global priorities according
to all these templates turn out to focus heavily on roadless forests. To ascertain that development is sustainable on the long-term, it
is important to secure regulating andmaintaining ecosystem services. Among all terrestrial ecosystems, roadless forests are the single
most important stronghold of regulating services: among others, soil protection, water retention, buffering of the local and regional
climate and mitigation of global climate change via capturing of atmospheric carbon (Fig. 6). As a possible solution, some have
proposed balancing the value of an area for species conservation, as a proxy indicator for maintaining ecosystem services, with its
value for food production, as an essential provisioning ecosystem service (Laurance et al., 2014).

The added value and novelty of roadlessness is that it is based on one of the most important direct and indirect key drivers of
biodiversity loss. The extent of roadless areas or even simply road density can be easily used as a measurable entity assessing the
extent of anthropogenic pressures at multiple scales. The conservation of roadless areas represents a proactive approach, in contrast
to reactive approaches that are directed at mitigating or reversing biodiversity losses ex post (see Brooks et al., 2006, for a
comparison of proactive and reactive priority-setting in global conservation). A proactive approach favoring policies for
ecosystem-based sustainable development bears several advantages. Most importantly, the long-term opportunity costs for protec-
tion of roadless areas will often turn out to be lower than the ones resulting from dissection by roads and subsequent exploitation of
an area. Proactive policies may also come with a lower political cost. Sparing regions from road development will help forego both
immediate protests by informed stakeholders and posterior opposition by people negatively affected by unsustainable develop-
ment unfolding in the region.

There is an urgent need for a global strategy and relevant legal frame development for the effective conservation, restoration and
monitoring of roadless areas and the ecosystems they encompass. The USA initiated this process by protecting over 20 million ha of
roadless area >2000 ha each, amounting to approximately 1/3 of its national forest system (see Strittholt and DellaSala, 2001).
Starting with the US Wilderness Act (1964), indirectly promoting conservation of roadless areas, the US Forest Service adopted the
Roadless Area Conservation Rule (2001) hampering road construction, road reconstruction, and timber harvesting in inventoried
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roadless areas on National Forest System lands, clearly enhancing species conservation (Loucks et al., 2003), but not without severe
political conflicts (Bies, 2006). No such legal frame exists in other more densely populated parts of the world such as Europe, where
the importance of roadless areas has only been underlined in some reports on fragmentation (Jaeger et al., 2011), besides scientific
calls for roadless areas conservation (Selva et al., 2011; Psaralexi et al., 2017).

As an important first step, policy-makers should commission a fine-scale inventory of roadless areas and their value for
sustainable development (see above: Roadless areas and society). In the official national report of Greece towards the European
Environmental Agency (Kati, 2018) the number and extent of roadless areas have been introduced for the first time as a
fragmentation index and as an indicator for monitoring the fragmentation rate of natural and semi-natural areas (SEBI 13). Such
national reports adopt the system of Streamlining European Biodiversity Indicators 2020 (EEA, 2012) under the scope of
monitoring the progress of each Member State towards achieving Aichi targets (UNEP/CBD/COP, 2010) and the European Unions’
2020 Biodiversity Strategy targets (EC, 2011).

The most direct proactive measure for roadlessness is a regional moratorium for road construction in roadless areas with an
identified high priority. A complementary policy may consist in proactively reducing the future demand for roads. This may be
achieved by efforts to promote provisioning ecosystem services elsewhere, e.g., by ecologically intensifying agricultural production
in already cultivated and disturbed areas. There is the urgent need to discuss sufficiency in the context of road infrastructure:
Although options for further shortening travel routes may exist, certain densities of road infrastructure should be acceptable without
the need for ever reducing travel times (Hoffmann and Ibisch, 2017). A maximum threshold of an ecologically tolerable road
density should be lower in regions that have yet experienced only moderate disturbance from road development. Additionally, any
approach should take into account ecosystem-specific vulnerability.

A moratorium for road construction can be accomplished through establishment of protected areas that are managed according
to legal prescriptions that exclude road construction and thus conserve the state of roadlessness. So far, the global system of
protected areas has performed poorly in effectively conserving roadless areas, as these are not recognized by governments as sui
generis (unique) conservation targets (Ibisch et al., 2016). Many roadless areas enjoy de facto protection due to natural factors that
hamper physical access, such as steep or swampy terrain (Fig. 7). However, with technological progress, enhancing economical
resources and increasing pressures from population growth and more or less justified economical interest, this de facto protection is
precarious. In addition, the economic value of resources harbored in a roadless area may increase. For example, forest in a roadless
area may become more attractive to extraction in an otherwise exploited landscape, and with it for road construction. For these
reasons, a wise policy will proactively impose amoratorium for road building in key roadless areas, for instance, by establishment of
strict protected areas.

Cases may occur where a road construction moratorium is considered impossible, or not opportune under given sociopolitical
circumstances. If avoidance is no option, decision-making on roadless areas should explore all options for maximum reduction of
road impacts. These options (in order of decreasing preference) include: re-routing a planned road, bundling it together with
existing linear infrastructure, and maximizing size of roadless fragments left over from dissection (Laurance et al., 2014).

Fig. 6 Tropical moist forest in a protected roadless area with the Maya Biosphere Reserve, Guatemala, providing important regulating ecosystem services such as
water retention and mesoclimatic cooling and buffering Photograph: Pierre Ibisch.
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Proactive policies and measures, despite their above described advantages, may still be overturned by road development
interests. In these cases, policy-makers should recur to reactive approaches. In the course of compensatory measures that would
target minimizing net loss of biodiversity, environmentalists should vehemently insist for an appropriate quid pro quo: Any loss of
a roadless area through the construction of a new road should at least be compensated with the dismantling of another road that
recreates a roadless area of the same ecological value (Hoffmann and Ibisch, 2017). As long as roads are continued to be built,
however, the single most important policy is strict regulation of subsequent human activities in the region. First and foremost, areas
to the side of a new road must be kept safe from “contagious development,” a cascade of exploitative land use leading to the short-
sighted desire for new roads (Ibisch et al., 2016). This then generates new economic interests, thus perpetuating the process until a
former roadless area and its functional ecosystems are “used up” (Laurance et al., 2014; Selva et al., 2015).

In parallel with measures to protect roadlessness, work on alternative approaches to roadless mobility needs to be intensified.
Even if environmentally friendly renewable energy might turn out to supply road transport on a large scale, roads will continue to
severely impair ecosystem functionality. The currently observable megatrends such as electromobility and autonomous driving
illustrate the path dependency, which masters the current (and future) mobility discourse.

Conclusions and Outlook

• There is strong evidence for the ecological importance of roadless areas. It is related to the absence of complexly interacting,
direct and indirect anthropogenic drivers of ecosystemic stresses.

• Roadlessness, in many ecosystems, is becoming a rare attribute. It is a proxy for ecosystem integrity that can be assessed more or
less easily, and shall serve as criterion for conservation and land use planning. Extent and ecological quality of roadless areas
(such as Ecological Value Index of Roadless Areas—EVIRA) are recommended for the global reporting on the accomplishment of
the Sustainable Development Goals, especially those targeting sustainable infrastructure and the conservation of terrestrial
ecosystems.

• First existing models that show the way to develop monitoring systems and policies for conserving roadless areas deserve special
attention.

• Published maps and datasets of roadless areas substantially underestimate the extent of roads, but data quality is rapidly
improving.

• The enhanced and dynamic mapping and monitoring of both extent and ecological quality of roadless areas is urgently needed
for building up a global observation system and informing regional, national, and local policy makers.

Fig. 7 Intact Southwest Amazon rain forest in Peru. Large remote roadless areas allow for conserving vast tracts of valuable ecosystems with their functions and
services, even without formal protection. But with progressing development they are at risk if protected area policies do not recognize roadlessness as key criterion
for nomination and priorization. Photograph: Pierre Ibisch.
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• As dozens of millions of road kilometers crisscross the global terrestrial ecosystems and the negative impacts of roads on
biodiversity have been extensively studied, there is the need to establish a roadless ecology that further proves and quantifies the
multiple environmental and socioeconomic benefits of roadlessness.

• A discourse on “road sufficiency” is needed (“How many roads should be enough under given conditions?”). Slight improve-
ments in access and reduction of travel time cannot be justified at the cost of degrading the last ecologically valuable
roadless areas.

• The evolution of mobility technologies seems to be trapped in a path-dependency carefully maintained by the stakeholders
involved in road-dependent mobility. It is therefore equally important that research highlights the benefits and avoided damage
of alternative approaches to mobility and transport, which are likely to include more conventional technologies such as railways
or modern, environmentally friendly, low-energy flying vehicles.
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Revision of widespread red squirrels (genus: Tamiasciurus) highlights
the complexity of speciation within North American forests
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a b s t r a c t

Integration of molecular methods, ecological modeling, and statistical hypothesis testing are increasing
our understanding of differentiation within species and phylogenetic relationships among species by
revealing environmental connections to evolutionary processes. Within mammals, novel diversity is
being discovered and characterized as more complete geographic sampling is coupled with newer
multi-disciplinary approaches. North American red squirrels exemplify a forest obligate genus whose
species are monitored as indicators of forest ecosystem condition, yet phylogenetic relationships reflect-
ing evolutionary history within this genus remain tentative. Through testing of competing systematic and
niche-based divergence hypotheses, we recognize three species, Tamiasciurus douglasii, T. hudsonicus, and
T. fremonti. Our data provide evidence of regional differences in evolutionary dynamics and continental
gradients of complexity that are important both for future management and for investigating multiple
pathways that can lead to the formation of new species.

� 2016 Published by Elsevier Inc.

1. Introduction

Understanding how the formation of species is shaped by com-
mon biogeographic and evolutionary processes (Hewitt, 2000;
Taberlet et al., 1998) is a critical step for recognizing and conserv-
ing biodiversity (Riddle et al., 2008; Whittaker et al., 2005). Range-
wide evolutionary assessments of species that incorporate both
genetic and niche-based approaches provide critical perspectives
on regional evolutionary and ecological differences in biodiversity.
For instance, many vertebrate species associated with the boreal
biome in North America have broad continent-wide distributions
coincident with temperate and northern conifer forests (Arbogast
and Kenagy, 2001), but these forests are now experiencing
increased mortality (Allen et al., 2015), and regional declines
(Coops andWaring, 2011; Gauthier et al., 2015) will likely continue

to impact vertebrate communities. Geography and past climate
have shaped the assembly of communities according to predictable
biogeographic patterns that often reflect common evolutionary
processes (Hampe and Petit, 2005). Northernmost contemporary
populations frequently constitute a leading edge of expansion
due to climate warming following the Last Glacial Maximum
(LGM; �the last 12 kyrs). However, high-latitude populations
may have also experienced spatial and temporal stability if they
persisted through the Last Glacial period (�130–12 ka) within
one or more northern refugia (Brubaker et al., 2005; Hewitt,
1999; Lessa et al., 2003). Mid-latitude forest-associated popula-
tions often have multiple distinct lineages distributed longitudi-
nally across the continent reflecting repeated isolation in discrete
areas south of glacial-phase continental ice-sheets. However, the
genetic signatures of independent histories among these lineages
are often obscured at their distributional edges where they now
overlap geographically (Atkinson et al., 2007; Hope et al., 2014a).
Signatures of these complex histories of isolation and reconnection
are often apparent along contact zones (Swenson and Howard,
2005) where dynamics of gene flow and interspecific interactions
result in increased community complexity (Hewitt, 2000). Finally,
peripherally isolated populations in southern and coastal regions
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generally occur in patches of discontinuous forest. Peripheral pop-
ulations can reflect either long-term isolation (P1 glacial phase;
e.g., Cook et al., 2001, 2006) or more recent fragmentation of pre-
viously continuous habitat since the LGM (Galbreath et al., 2009).
Such isolates often constitute important sources of genetic diver-
sity for species (Channell and Lomolino, 2000) with high conserva-
tion value (Malaney and Cook, 2013).

A growing body of comparative genetic evidence indicates that
evolutionary processes of diversification on a continental scale are
repeatable both across taxonomic groups and through time, where
cryptic diversity is discovered as additional groups are assessed,
resulting in recognition of new species, or minimally, distinct evo-
lutionary lineages (Hope et al., 2014a). Given that species descrip-
tions are ongoing, even among mammals, current taxonomy
frequently fails to adequately reflect the extent of evolutionary
diversity or relationships among extant lineages (Patterson,
2000; Bickford et al., 2007), thus impeding effective management
and conservation of fundamental components of biodiversity
(Soltis and Gitzendanner, 1999; Hoberg et al., 2012). New toolsets
are facilitating species discovery based on multi-locus sequence
data (Knowles and Carstens, 2007). Concurrently, new statistical
methods assess ‘‘species” limits, recognizing taxonomic or system-
atic arrangements that hold strongest support for actual relation-
ships among distinct biological units (reviewed in Carstens et al.,
2013). Both historical and ongoing gene flow between related spe-
cies (e.g., Sullivan et al., 2014), however, present additional chal-
lenges to molecular systematic assessments.

The evolutionary history of North American red squirrels (genus
Tamiasciurus Trouessart 1880) reflects the influence of long-term
Quaternary climate cycles on continental patterns of diversifica-
tion and community change (Arbogast and Kenagy, 2001). Periodic
allopatry and divergence has been followed by episodes of recon-
nection and gene flow as climate cycled through glacial phases
(Chavez et al., 2014). Simultaneously, some red squirrel popula-
tions, particularly peripheral ones, likely remained stable and iso-
lated through extended glacial cycles. As such, systematic
relationships, species limits, and taxonomy within this group
remain tentative. Thorington and Hoffmann (2005) recognized
three species: Tamiasciurus douglasii Bachman, 1839, distributed
in forests from southern California and the Sierra Nevada north-
ward through the Cascade and Coastal ranges; Tamiasciurus hud-
sonicus Erxleben, 1777, distributed across most of North America
north of Mexico including multiple peripheral populations; and
Tamiasciurus mearnsi Townsend, 1897, restricted within Baja Cali-
fornia Norte, Mexico. Previous mitochondrial DNA (mtDNA)
assessments (Arbogast et al., 2001; Barber, 2007) documented sev-
eral divergent lineages, recounting a complex biogeographic his-
tory. Across these species, T. hudsonicus is paraphyletic with
respect to T. douglasii, while T. mearnsi is minimally divergent from
T. douglasii (Arbogast et al., 2001; Barber, 2007). In the American
Southwest, populations of T. hudsonicus, including those on sky
islands, potentially represent a third species (Tamiasciurus fre-
monti), based on genetic (Arbogast et al., 2001), behavioral, and
morphological differences (Findley, 1961; Hardy, 1950). More
recently, Chavez et al. (2014) largely corroborated these relation-
ships with nuclear data, although mito-nuclear discord indicated
historic introgression between populations of the Pacific North-
west. However, to date, no study has explicitly tested the validity
of systematic relationships using a phylogenetic approach.

The North American red squirrel complex constitutes an excel-
lent system for testing diversification hypotheses because their
complex biogeographic history includes both physical (insular)
and ecogeographic isolation of lineages, paraphyly, and gene flow.
We present a multi-locus phylogenetic assessment of North Amer-
ican red squirrels and test three alternative hypotheses based on
previous studies (Fig. S1). In the first hypothesis (H1 – Fig. 1) we

apply the current taxonomy (Thorington and Hoffmann, 2005) of
three species (T. douglasii, T. hudsonicus, and T. mearnsi). Consider-
ing that the specific status of T. mearnsi is tenuous (Arbogast et al.,
2001), we test a second hypothesis (H2 – Fig. 2) proposed by
Arbogast et al. (2001) that also posits three differently circum-
scribed species: T. douglasii (inclusive of T. mearnsi), T. fremonti,
and T. hudsonicus (includes all currently recognized lineages except
putative T. fremonti). Finally, we consider a third hypothesis (H3 –
Fig. 3) treating nine well-supported mtDNA lineages as terminal
taxa, all documented across independent studies (Arbogast et al.,
2001; Barber, 2007; Chavez et al., 2014; this study). These three
hypotheses require few assumptions and reflect realistic alterna-
tive relationships based on previous literature. Following genetic-
based species delimitation, we incorporate niche modeling to
assess geographic stability through time and ecological divergence
among taxa. Finally, we use results from both multiple loci and cli-
matic data to explore evolutionary complexity across North Amer-
ica, demonstrating different modes of speciation within this
complex that are reflected more broadly among mammals. Criti-
cally, for forest ecosystemmanagement, we identify areas that sus-
tain key dynamic evolutionary processes as well as isolated
populations needing further evaluation.

2. Methods

2.1. Study area, sampling and sequencing

We obtained specimens from museum collections that maxi-
mize geographic sampling through the known range of red squir-
rels (Figs. 1 and 3), including samples from all species and
localities coincident with the geographic distribution of 22 of 28
subspecies (Hall, 1981). We used 252 specimens (Appendix A)
including 40 T. douglasii, 209 T. hudsonicus, and 3 T. mearnsi from
109 general collecting localities (Fig. 3; 153 specific localities;
Appendix A). Sequences for 123 individuals for at least 1 gene were
retrieved from GenBank. We then sequenced 129 more specimens
for 1–4 independent loci where a subset of 60 samples (including
34 specimens from Chavez et al., 2014) were represented by both
mtDNA and nuDNA. In total we obtained 3192 bp of sequence data
across all loci. Datasets included 771 base pairs (bp) of mtDNA
cytochrome-b gene (Cytb; n = 252), 449 bp of the glutamate decar-
boxylase 2 gene (intron 1; GAD2; n = 60), 666 bp of the
ganglioside-induced differentiation-associated protein 1 gene
(intron 1; GDAP1; n = 58), 630 bp of the UPF0351 protein
C9orf32 gene (intron 1; METTL11A; n = 59), and 676 bp of the pro-
lyl 4-hydroxylase alpha-2 subunit precursor gene (intron 1;
P4HA2; n = 60).

We extracted genomic DNA from tissue (stored at �80 �C or
ethanol preserved) through standard salt extraction, followed by
PCR amplification and cycle sequencing with ABI BigDye v3.1
(Applied Biosystems, Foster City, California) following protocols
of Platt et al. (2007). Primers for Cytb were MVZ05/MVZ16
(Smith and Patton, 1993). Other primers are listed in Chavez
et al. (2014). We conducted automated sequencing of complimen-
tary strands using the Applied Biosystems 3110 DNA sequencer at
the University of New Mexico.

We edited and aligned sequences in Sequencher v4.8 (Gene-
codes, Ann Arbor, Michigan) and verified visually. We translated
protein-coding sequences for Cytb to amino acids and examined
them for internal stop codons, rates of transition/transversion
changes, and relative 1st, 2nd, and 3rd position changes in codons
that might indicate a Numt. None was found. We compared com-
plementary strands of DNA and deposited contiguous sequences
in GenBank (Appendix A). We inferred alleles of heterozygotes
using Phase (Stephens et al., 2001), by accepting results with a
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probability >90%, using a burn-in of 10,000 iterations and a run
length of 10,000 iterations (McCormack et al., 2011). Among 5
runs, we retained results from the run with best goodness-of-fit
to an approximate coalescent model, resulting in 2 nuclear haplo-
type sequences or alleles per individual, using only 1 allele per
individual (chosen randomly) for analyses.

2.2. Multi-locus gene trees and evolutionary rates

We estimated independent genealogies and haplotype net-
works for all loci. We determined DNA substitution models for
each locus using MrModeltest v2.3 (Nylander, 2004) under the
Akaike Information Criterion. We performed Markov chain Monte
Carlo (MCMC) searches in MrBayes v3.1 (Ronquist and
Huelsenbeck, 2003), incorporating the short-branch method
(Marshall, 2010). Stationarity of MCMC runs was assessed in Tracer
v1.5.0 (Rambaut and Drummond, 2007). Phylograms were mid-
point rooted and visualized with posterior probabilities >0.75
included in FigTree v1.3.1 (Rambaut, 2009). For all loci, we
assigned haplotypes using DnaSP v5 (Librado and Rozas, 2009).
Median-joining haplotype networks for all loci were constructed
in Network v4.610 (Bandelt et al., 1999). To assess the timing of
cladogenesis and demographic changes among lineages, we calcu-
lated average and lineage-specific evolutionary substitution rates
utilizing a time to coalescence of the entire genus as estimated
by Chavez et al. (2014). In BEAST v1.6.1 (Drummond and
Rambaut, 2007), we produced a chronogram based on the Cytb
locus by fixing the time to most recent common ancestor (TMRCA)

for all samples at 0.4229 Ma (normal distribution, standard devia-
tion 0.1; Chavez et al., 2014), applying a relaxed clock: uncorre-
lated log-normal, and set the substitution rate to be estimated.
We used the HKY + G model of substitution, empirical base fre-
quencies, partitioned into three codon positions, and a constant
population size tree prior. Three separate runs of 100 million iter-
ations were run, sampling trees to file every 1000 iterations. To
retrieve mean lineage-specific rates for each nominal lineage
recovered from the Cytb chronogram, we weighted all branch
specific rates by branch length (Hope et al., 2014b) according to
the equation

P
(rate � length)/

P
(length).

2.3. Mitochondrial diversity and demographics

Genetic diversity analyses for Cytb used all available red squir-
rel sequences, performing analyses separately for major lineage
assignments (Table 1). In DnaSP, for each group we assessed
genetic diversity including number of segregating sites (S), haplo-
types (h), haplotype diversity (Hd), nucleotide diversity (p), and
tested for demographic expansion by calculating Tajima’s D
(Tajima, 1989) and R2 (Ramos-Onsins and Rozas, 2002).

To calculate population size change through time, we imple-
mented the coalescent Bayesian Skyline Plot (BSP) tree prior in
BEAST. Results of Bayes factor tests to determine the best clock
model indicated no significant difference between strict and
relaxed clocks for any lineage, so we utilized a strict clock, and
ran MCMC analyses (length of chain = 100 M logging trees every

Hypothesis H1

1.0

1.0

Elevation

Species

Fig. 1. Distribution and current taxonomy of North American tree squirrels (Tamiasciurus). Data points indicate localities of all samples considered for niche analyses. Inset
provides the results of a ⁄BEAST species tree analysis (including empirical topology and nodal support values) considering systematic hypothesis H1 with three species as T.
hudsonicus, T. douglasii, and T. mearnsi. Downloaded from Wikipedia March 2015. Author: Cephas. This file is licensed under the Creative Commons Attribution-Share Alike
3.0. Permission is granted to copy, distribute and/or modify this document under the terms of the GNU Free Documentation License Version 1.2 or any later version published
by the Free Software Foundation; with no Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts. A copy of the license is included in the section entitled GNU Free
Documentation License.
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1000), assigning lineage-specific rates calculated from the Cytb
chronogram.

2.4. Systematic scenarios

Using a model comparison technique that applies Bayes Factors
(2lnBf) or Akaike information criterion through Markov chain
Monte Carlo analysis (AICM) to test between alternative scenarios
of species delimitation (Aydin et al., 2014; Grummer et al., 2014)
allows flexibility for alternative hypotheses and is robust to sys-
tems where historical introgression is suspected (Grummer et al.,
2014). We performed model comparison tests of alternative sys-
tematic hypotheses among designated lineages of North American
red squirrels considering all loci within a species-tree framework
implemented using ⁄BEAST (Heled and Drummond, 2010). Because
⁄BEAST accommodates different numbers of gene copies for each
taxon, we included all samples per lineage that were sequenced
for more than a single locus.

We performed Bayes Factor and AICM pairwise tests of alterna-
tive hypotheses (Table 2; Fig. S1). All hypotheses considered sam-
ples (n = 60) representing various combinations of the nine well-
supported monophyletic mtDNA (Cytb) lineages: Two widespread
lineages (Continental and Northwestern), a Western lineage (com-
bining T. douglasii and Baja California samples unless otherwise
noted), Vancouver Island, Central Rockies, North Pacific Coast,
Sacramento Mountains (NM), Southern Rockies, and Southwestern
Sky Islands (Fig. 1). Despite a high likelihood of ongoing gene flow

within and among certain lineages, all were included to assess rel-
ative nodal support for clade relationships considering multiple
loci under three different hypotheses. Hypothesis H1 considered
the currently assigned taxonomy (T. douglasii, T. hudsonicus, and
T. mearnsi; Fig. 2). Hypothesis H2 considered three species hypoth-
esized by Arbogast et al. (2001): T. douglasii (including T. mearnsi),
T. fremonti (Southern Rockies, Sacramento Mountains, and South-
western Sky Island), and T. hudsonicus (Continental, Northwestern,
Southeast Alaska, Vancouver Island and Central Rockies). Hypoth-
esis H3 considered all Cytb lineages as independent ‘‘species”. All
hypotheses were compared statistically using both all loci and only
nuclear loci.

We produced a separate traits file indicating lineage assign-
ments for all samples under each hypothesis. In BEAUti, for each
hypothesis, we unlinked datasets for each locus across all parti-
tions, assigned substitution models by locus, and applied empirical
base frequencies. We applied a relaxed clock: uncorrelated log-
normal to Cytb as the ucld standard deviation of the rate for this
gene when analyzed independently significantly deviated from
zero, but assigned a strict clock to nuclear loci to reflect lower
divergence over the evolutionary timeframe investigated. We
chose a Yule tree prior with piecewise linear and constant root
and assigned proper ploidy to each locus. Two independent runs
for each hypothesis used MCMC chains of 100 million generations
sampling trees every 10,000.

In Tracer, we ran model comparisons to identify the hypothesis
that best explained the data considering marginal likelihood
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Fig. 2. Bioclimatic envelope models for North American red squirrels considering three species according to systematic hypothesis H2 as T. douglasii (green), T. fremonti
(brown), and T. hudsonicus (dark blue). We used model selection and applied a minimum of 90% of training samples as our threshold for each species. Potential geographic
overlap between species is depicted with intermediate colors (cyan between T. hudsonicus and T. douglasii, and gray between T. hudsonicus and T. fremonti). Left inset provides
the results of ⁄BEAST species tree analysis considering H2, including empirical topology and nodal support values. Top inset shows results of niche identity test, where all
pairwise comparisons indicate significant ecological differentiation between species. The histogram provides expected niche overlap when pairwise species are pooled and
randomized, and arrows indicate empirical niche overlap between species (Schoener’s D). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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estimates of competing hypotheses using both 2lnBf and 2AICM
scores. Scores were ranked for each hypothesis only with respect
to the ‘‘best” hypothesis (that with the marginal likelihood esti-
mate closest to zero). As described in Grummer et al. (2014), and
based on the recommendations of Kass and Raftery (1995), the
strength of support of 2lnBf for the best hypothesis (labeled as N/
A) compared with competing hypotheses was as follows: 0–2
means no significant support; 2–6 means positive support for the
best hypothesis (N/A) over this competing scenario; 6–10 means

strong support for the best hypothesis; and >10 means decisive
rejection of the competing hypothesis compared with the best
hypothesis. As in Grummer et al. (2014), we recognized distinct
lineages from hypotheses (topologies) where 2lnBf support for
the leading topology was >10 in pairwise comparisons with com-
peting hypotheses. Similarly for AICM which equates using two
times the sample mean log likelihood, we use a cutoff of >20 for
2AICM (multiplied by 2 for consistency with Bayes Factor
methods).

Fig. 3. Left – Chronogram of evolutionary relationships among North American red squirrels (Tamiasciurus) based on 771 bp of the mtDNA Cytochrome b gene with a root
coalescence estimate from Chavez et al. (2014). Phylogeny estimation was performed in BEAST, providing both posterior probability nodal support values (left of node) and
coalescence times (millions of years; italics, right of node). The topology is presented as ultrametric and proportional to an evolutionary timeline (bottom) that extends from
the present (right) to the past (left). Tip labels indicate general collecting localities (Appendix A). Major lineages are color coded and coincident with geography. Tip labels
indicate sampling localities. Right – Map of the study area indicating general specimen localities for samples of North American red squirrels included in the present study.
Locality numbers correspond to those listed in Appendix A. Left inset provides finer detail of localities along the North Pacific Coast. Bottom-right inset provides finer detail of
localities within the Southwestern region. Localities are colored according to major mtDNA lineages. Circles with multiple colors indicate general localities where multiple
mtDNA lineages are sympatric. For insets, insular populations are labeled by island or mountain range. Top inset provides the results of a ⁄BEAST species tree analysis
(including empirical topology and nodal support values) considering systematic hypothesis H3 with nine independent taxa color-coded according to mtDNA lineages. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Genetic polymorphism and demographic statistics considering 771 bp of the mtDNA Cytochrome b gene among major North American red squirrel lineages. Abbreviations
include n = sample size; S = number of segregating sites; h = number of haplotypes; Hd = haplotype diversity; p = nucleotide diversity; D = Tajima’s D (with associated P-value);
R2 = Ramos-Onsins and Rozas R2 (with associated P-value); l = lineage-specific substitution rate (percent per million years) considering rates weighted by branch lengths for
each lineage from the Cytochrome b BEAST chronogram. The rate given for all lineages combined was calculated in BEAST using a root calibration of 0.4229 Myr (HPD: 0.2979–
0.5538; Chavez et al., 2014). N/A = not applicable. Bold values are statistically significant at P < 0.05.

n S h Hd p D P(D) R2 P(R2) l

All 252 134 142 0.982 0.0181 N/A N/A N/A N/A 5.23
Central Rockies 11 4 4 0.600 0.0015 �0.542 0.324 0.142 0.107 5.14
Continental 60 41 34 0.866 0.0045 �2.167 0.001 0.046 0.000 5.20
Northwestern 52 45 32 0.924 0.0031 �2.593 0.000 0.022 0.000 5.35
North Pacific Coast 20 15 16 0.963 0.0040 �1.192 0.132 0.088 0.056 5.03
Sacramento Mountains 10 11 7 0.933 0.0035 �1.407 0.096 0.124 0.056 5.26
Southern Rockies 15 14 10 0.924 0.0035 �1.509 0.064 0.079 0.000 5.42
Southwestern Sky Islands 22 17 12 0.905 0.0037 �1.413 0.062 0.073 0.011 5.26
Vancouver Island 19 8 7 0.544 0.0012 �2.022 0.001 0.084 0.002 5.21
Western 42 35 26 0.962 0.0067 �1.325 0.074 0.065 0.059 5.25
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2.5. Bioclimatic envelope modeling

We used bioclimatic envelope modeling (BEM, Araújo and
Peterson, 2012) to characterize occupied distributions and recon-
struct paleodistributions of each species. We used these niche-
based tests as an independent perspective of ecological divergence
among putative species using a three-step approach: (1) recon-
struct contemporary distributions and project (transfer) the final
model to ancestral climate conditions (i.e., mid-Holocene and
LGM); (2) assess spatial overlap of predicted distributions for all
periods; and (3) conduct niche identity tests using geographic-
based approaches (Warren et al., 2008, 2010).

2.5.1. Occurrence and environmental data
BEMs are often constructed from two forms of data: occurrence

records and environmental layers. We downloaded all available
records of North American red squirrels from VertNet (accessed
February 2015) and conducted a series of screening and filtering
steps to reduce bias. We removed all samples with a georeferenced
error >5 km, those that failed to provide an estimate of error, and
those that were outside the known distribution of Tamiasciurus.
We also removed samples prior to 1940. To reduce spatial autocor-
relation, we used a custom aggregated reduction technique
(Fourcade et al., 2014; Warren et al., 2014) by retaining a single
random sample within 10 km2 radius and discarding other spa-
tially redundant locations.

To assess lineage-based distributional overlap and test for
recent niche divergence among evolutionarily independent groups
we used mtDNA haplotypes to quantify areas occupied by lineages.
First, we added a minimum convex polygon in ArcGIS v10.2 to each
lineage-based set of points and applied a 200 km buffer to assign
all points within each polygon to respective mtDNA lineages. We
then reassigned mtDNA samples to putative species identified
from the best model in tests of evolutionary hypotheses.

The geographic extent of species is an important consideration
when using correlative models (Barve et al., 2011). However, the
total extent of Tamiasciurus is likely too broad considering our
goals of pairwise tests between geographically limited species.
Based on the geographic distribution of putative species, we
divided the study area using the three regional clades (systematic
hypothesis H2; Table 1; Fig. S1) and delimited their extents to
100 km beyond the N/S and E/W extremes of each distribution.

Next, we generated bias files for each species to optimize back-
ground and occurrence point selection within study extents. Bias
files are frequently used in correlative modeling to avoid oversam-
pling and can offset effects of geographic biases often associated
with coordinate-based data, decreasing commission (false-
positive) error rates (Anderson and Raza, 2010; Barve et al.,
2011; Merow et al., 2013). We used SDMToolBox v1.1c (Brown,
2014) to generate the bias files for each species, using the ‘‘Sample
by Buffered Local Adaptive Convex-Hull” tool that limits back-
ground points (Thuiller et al., 2009; Barbet-Massin et al., 2012)
and set the buffer distance to 75 km and alpha parameter to four.

We used 19 bioclimatic (temperature and precipitation) vari-
ables from the WorldClim database to quantify ecological toler-
ances of each lineage. These landscape-level data are often useful
for assessing both current and paleodistributions (Malaney and
Cook, 2013; Waltari and Guralnick, 2009; Waltari et al., 2007),
and also for assessing Grinnellian-based niche divergence
(McCormack et al., 2010). Then, we identified tightly correlated
(P0.80) and removed redundant variables, favoring those more
temporally inclusive (e.g., bio11 – mean temperature of the coldest
quarter versus bio6 – minimum temperature of the coldest month)
or relevant to squirrel ecology (e.g., cone mast is often linked to
seasonal conditions; bio15 – precipitation seasonality).

2.5.2. Correlative modeling
WeusedMaxEnt version 3.3.3e (Phillips and Dudik, 2008) due to

superior performance over other correlative modeling approaches
(Elith et al., 2006; Peterson et al., 2007) and ability to provide statis-
tical comparisons among models (Elith et al., 2011; Merow et al.,
2013). MaxEnt uses presence data in comparison with random
background samples to estimate species distributions (Elith et al.,
2011; Guillera-Arroita et al., 2015; Merow et al., 2013), but is opti-
mized with multiple default settings that require testing prior to
modeling to enhance model performance (Anderson and
Gonzalez, 2011). Consequently, we conducted criterion-based
model selection (Burnham and Anderson, 2002; Warren and
Seifert, 2011) by assessing different combinations of the feature
class types (FC) and regularization multipliers (RM) using
ENMTools v.1.4.4 (Warren et al., 2010).We constructed singlemod-
els for each species by applying alternate FCs (e.g., L – linear; LQ –
linear and quadratic; H – hinge; LQH – linear, quadratic, and hinge;
LQHPT – LQH, product, and threshold) and alternate RMs ranging
from 0.01 to 5.0 at 0.5 intervals. In sum, we tested 55 alternate
models for each species (5 FCs � 11 RMs), identifying optimum
model settings using corrected Akaike information criterion (AICc).

We then conducted final modeling for each species using 20
replicates, log-scale outputs, and set number of iterations to 5 k,
keeping the default convergence threshold (=0.00001). During
replicate models, we applied the bias file for background sampling,
retained 20% of presence localities as a training dataset, and used
subsampling run type (jackknife approach) because of small sam-
ple sizes for some mtDNA lineages (Pearson et al., 2007;
Shcheglovitova and Anderson, 2013). Standard deviations across
all replicates were minor.

MaxEnt produces a set of continuous surfaces and we used the
mean of replicated models to represent relative suitability/likeli-
hood (Guillera-Arroita et al., 2015; Richmond et al., 2010). To
assess differences between high suitability for each species, we
constructed a single raster by calculating the difference between
the continuous mean logistic outputs of comparative lineages (Dif-
fAB = species A – species B). Further, we created a binary distribu-
tion of suitable and unsuitable areas using the equal training
sensitivity and specificity logistic threshold for the spatial projec-
tion of final models (Pearson et al., 2007) and used the

Table 2
AICM and Bayes Factor (2lnBf) results considering marginal likelihood estimates from alternative species-tree hypotheses of relationships among major lineages of North
American red squirrels (see Fig. S1 for scenario topologies). The hypothesis receiving the best marginal-likelihood score is indicated by N/A. 2AICM and 2lnBf scores for other
scenarios reflect comparative strength of the best supported hypothesis, where for 2lnBf a score of 0–2 means ‘‘not worth more than a bare mention”, 2–6 means ‘‘positive”
support for the best hypothesis over that alternative, 6–10 provides ‘‘strong” support, and >10 means ‘‘decisive” support in distinguishing between best and competing
hypotheses (after Kass and Raftery, 1995). For 2AICM scores, we consider >20 as decisive, 12–20 as strong, and 4–12 as positive support for the best hypothesis over that
alternative. Hypotheses were analyzed considering all five loci (both mtDNA and nuDNA) and using only the four nuclear loci.

Scenario Description All five loci Four nuDNA loci

2AICM 2lnBf 2AICM 2lnBf

H1 3 species as currently described (T. douglasii, T. hudsonicus, T. mearnsi) N/A 10.28 5.72 10.74
H2 3 species as per Arbogast et al. (2001; T. douglasii, T. hudsonicus, T. fremonti) 27.85 N/A N/A N/A
H3 All lineages considered separately 104.10 22.76 31.70 16.06
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threshold-applied distributions to characterize paleodistributions
and assess distributional shifts (see below).

2.5.3. Paleodistributions
We reconstructed paleodistributions of individual lineages to

understand the history of geographic distributions, frequently
yielding insights of ancestral areas as well as regions of historic
admixture (Pelletier et al., 2015). Specifically, we projected predic-
tions for the mid-Holocene (contemporary models; i.e., Younger
Dryas) and late-Pleistocene (i.e., Last Glacial Maximum – LGM).
Considering many North American mammals have shifted distri-
butions (Malaney and Cook, 2013; Lessa et al., 2003), we expanded
the spatial extents through past timeframes by 500 km to include
areas nearby that might have been historically occupied by ances-
tral populations. Further, we validated paleodistribution recon-
structions with fossil records obtained from FaunMap database
(accessed March, 2015). We then assessed spatial overlap among
clades using techniques analogous to contemporary overlap
measurements.

2.5.4. Model-based niche divergence
To assess the degree of niche overlap among the major clades,

we used the G-space niche-identity test using the D statistic
(Schoener, 1968; Warren et al., 2008), which ranges from 0 (discor-
dant) to 1.0 (identical). The niche-identity test is used to assess
whether measured overlap is significantly different (one-tailed
test) from an underlying null expectation. This approach random-
ized samples from each lineage pair using 100 pseudoreplicates for
each pairwise test.

3. Results

3.1. Gene trees and evolutionary rates

A previously calculated age for the TMRCA of all North American
red squirrels of 0.4229 Myr (Chavez et al., 2014) provided an aver-
age mutation rate of 5.23% per million years (10.46% divergence
rate) for the Cytb dataset (Table 1). Substitution rates ranging from
5.03% to 5.46% per million years were recovered for nominal lin-
eages within the red squirrel Cytb genealogy (Table 1). The chrono-
gram indicates nine well-supported, spatially-structured lineages
(Fig. 3). Two lineages exhibit broad distributions, often within pre-
viously glaciated areas, indicative of post-glacial population expan-
sion. The Continental lineage is broadly distributed across North
America whereas the Northwestern lineage is coincident with the
Rocky Mountain cordillera. These two lineages together form a
well-supported clade distinct from all other North American red
squirrels. Other well-supported lineages include the Central Rock-
ies with a limited distribution within the inland forests of Idaho,
western Montana, and eastern Oregon. The North Pacific Coast
(NPC) lineage is only distributed on islands of the Alexander Archi-
pelago (Betton, Grant, Gravina, Kuiu, Mitkof, Revillagigedo, and
Zarembo islands), and in British Columbia on Calvert and Swindle
islands (Fig. 3). Mitochondrial signatures indicative of both NPC
and Northwestern lineages occur on Gravina and Revillagigedo
islands of the southern Alexander Archipelago. The Northwestern
lineage also occurs on Admiralty (introduced), Tatoosh, and Wran-
gell islands. The Western mtDNA lineage is paraphyletic with
respect to Vancouver Island (due to recognized mito-nuclear dis-
cord) and is distributed from Baja California (T. mearnsi) north to
southern British Columbia. Finally, substructure within the well-
supported Southwestern clade includes lineages associated with
the Sacramento Mountains of New Mexico, the Southern Rockies
of Colorado and northern New Mexico, and two paraphyletic

lineages associated with the Southwestern Sky Island archipelago
(Fig. 3).

The initial dichotomy within the Cytb chronogram is dated to
�400 ka. Continental and Northwestern lineages were estimated
to have split at 200 ka. Coalescence of all Southwestern lineages
is coincident with the Illinoian glacial period (�160 ka) although
initial divergence from other squirrel lineages is dated >250 ka.
Coalescence of most terminal lineages is <100 ka.

Independent nuclear genealogies were less well resolved
although Western haplotypes were consistently private across all
loci (Fig. S2). All well-supported mtDNA lineages exhibited at least
one private nuclear haplotype. Continental and Northwestern hap-
lotypes were closely related, as were those of all Southwestern lin-
eages. Within the Southwestern Sky Island lineages, the federally
endangered Mt. Graham (Pinaleño Mountains) population exhib-
ited private haplotypes over all loci except one (Fig. 3; Fig. S2).

3.2. Diversity and demographics

Mitochondrial DNA haplotype and nucleotide diversity were
lowest for the Vancouver Island lineage and highest for the Wes-
tern lineage (Table 1). Within the Continental lineage, samples col-
lected from western and eastern North America were divergent
(Fig. 3). Only Continental and Northwestern lineages exhibited
consistent signals of demographic expansion over multiple tests,
a finding also supported by star network topologies (Table 1;
Fig. S2). BSPs for these lineages indicated the most dramatic popu-
lation growth coincident with post-glacial expansion (Fig. S3). BSPs
for both the NPC and Western lineages also indicated significant
population growth but non-significant demographic expansion,
suggesting in situ growth through the late-glacial and Holocene
timeframes. Skyline changes for Central Rockies, Sacramento
Mountains, Southern Rockies and combined Southwestern Sky
Islands lineages failed to reach the 95% highest probability distri-
butions indicating minimal population growth (Fig. S3). Uncor-
rected pairwise mtDNA genetic distances between the 9 major
lineages ranged from 0.84% to 3.48% sequence divergence with
highest divergence between Northwestern and Southern Rockies
lineages.

3.3. Systematic hypotheses

All species-tree topologies strongly supported the presence of
multiple species and lack of reciprocal monophyly of T. hudsonicus
as currently recognized. Each systematic hypothesis is reported in
conjunction with the geographic ranges of nominal taxa according
to respective hypotheses shown on maps, and these phylogenies
reflect the results of species-tree analyses, including relative
branch lengths, empirical topologies, and posterior probabilities
at nodes (Figs. 1–3, S1). When Southwestern lineages were consid-
ered as a separate species, they were consistently less divergent
from T. douglasii than from the remaining lineages of T. hudsonicus,
although low posterior probabilities coupled with basal coales-
cences support the possibility of a radiation of three species
through initial fragmentation, dating to the pre-Illinoian
(�400 ka). Based on all loci, Bayes Factor model comparisons deci-
sively supported Hypothesis H2 as the best systematic arrange-
ment (Fig. S1; Table 2). AICM comparisons using only nuclear
loci also supported H2 above other scenarios. Hypothesis H2 pro-
vides highest likelihood for true species relationships, considering
all species tree estimates, and reflects three species. As also
reflected by divergent ecological associations, we recognize the
Douglas squirrel, T. douglasii consisting of the Western lineage,
the southwestern red squirrel, T. fremonti Audubon and Bachman,
1853, consisting of the Southern Rockies, Sacramento Mountains,
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and Southwestern Sky Islands lineages, and the American red
squirrel, T. hudsonicus consisting of the remaining 5 lineages.

3.4. Bioclimatic envelope modeling

3.4.1. Niche variables and occurrence points
We obtained 20 niche variables that exhibited varying levels of

importance and correlation across the study region (Table S1). For
occurrence points, we obtained a total of 1160 T. douglasii (includ-
ing T. mearnsi), and 3413 T. hudsonicus records. After processing
(screening, partitioning, thinning, and clipping), we identified
279 T. douglasii and 740 T. hudsonicus records for reconstructing
distributions and conducting niche tests. We then assigned 59 of
the T. hudsonicus records from the Southwest as T. fremonti using
genetic data as a guide.

3.4.2. Model performance
We found that optimized settings reflected a best-fit for our

study system using model selection that increased the regulariza-
tion penalty, simplified features, and reduced the overall dimen-
sionality of final models. MaxEnt performed well with mean
training AUC >0.85 for all analyses, often a positive indication of
optimized models. Randomly withheld test data were predicted
significantly better than random with AUC >0.90 for all analyses
(Table 3) and AUC standard deviations all <0.05. Threshold-
dependent approaches yielded results with low omissions and sig-
nificantly better omission rates from threshold-dependent predic-
tions than from random predictions.

3.4.3. Current distributions and overlap
Distributions of North American red squirrels were best pre-

dicted (P10% variable importance) by three variables for each spe-
cies and six variables total (Table 3). For T. douglasii, >73% of the
variation was accounted for by winter precipitation
(bio19 = 39.7%), precipitation seasonality (bio15 = 20.0%), and
isothermality (bio3 = 13.5%). For T. hudsonicus, over 50% variable
importance was due to isothermality (31.3%) and winter precipita-
tion (21.5%), with mean annual temperature (bio1 = 12.7%) the
third most important, totaling 79.3%. The three most important
variables (65.5%) for T. fremonti included average summer temper-
ature (bio5 = 50.0%), temperature seasonality (bio4 = 13.5%), and
like other species, winter precipitation (15.8%).

Current distributions predicted for each species overlap (Fig. 2),
with T. hudsonicus sharing predicted range with T. douglasii in the
Pacific Northwest (overlap = 77,754 km2) and with T. fremonti in
the Southern Rocky Mountains (overlap = 71,408 km2).

3.4.4. Paleodistributions
We document distributional change for all species between the

LGM, mid-Holocene, and present. Even after applying thresholds of

currently occupied distributions and projecting to historical condi-
tions (i.e., mid-Holocene and LGM), most fossil records (>80%,
Figs. S4–S6) were accurately predicted. Predicted ancestral areas
(LGM) for T. douglasii were centered on northern California
(Fig. S4) with isolated regions in southern California and northern
Baja, and although generally further south, total predicted area was
only slightly larger than mid-Holocene and today. Predicted distri-
butions shifted to higher elevations and more northern latitudes
during the Holocene and are most restricted in total range at pre-
sent. For T. fremonti, LGM distributions were projected to be >2�
the extent of present distributions, with a retraction to higher ele-
vations during the Holocene rather than a shift across latitude
(Fig. S5). For T. hudsonicus, latitudinal shifts appear to have been
the dominant change from LGM to mid-Holocene and today
(Fig. S6). Potential LGM occupation included ancestral regions
along the North Pacific Coast and within eastern Beringia (Alaska).

3.4.5. Stable regions for squirrels
By overlaying predictions from all models, we identified stable

regions for all three species, although eco-geographic stability var-
ied. For T. douglasii, three regions have remained relatively stable
between the LGM and today, including medium elevations in the
Sierra Nevada of eastern California, the Coast Ranges in northwest-
ern California and Oregon, and high elevations of southern Califor-
nia and Baja Mexico. The total combined stable area for T. douglasii
is ca. 69,000 km2 (20.8% of the present distribution). For T. fremonti,
we detected three temporally stable areas largely coincident in
extent with the current range, including the Rocky Mountains of
Colorado and New Mexico, the Sacramento Mountains in south-
eastern New Mexico, and the Mogollon Mountains of New Mexico
and Arizona. When combined, these stable areas for T. fremonti
totaled ca. 111,000 km2 (62.9% of the present distribution). In con-
trast to T. douglasii and T fremonti, T. hudsonicus had few consis-
tently occupied regions between the LGM and today totaling
<80,000 km2, a very small proportion of the total potential range
in any timeframe (2% of present distribution). Whereas historic
areas are largely coincident with temporally stable regions for T.
fremonti, and slightly less so for T. douglasii, past predictions for
T. hudsonicus are largely independent of interglacial (recent)
distributions.

3.4.6. Niche identity
Despite large areas of potential distributional overlap between

species (Fig. 2), the background test of niche identity indicated that
each squirrel species occupies distinct ecospace when compared to
expected niche overlap from pooled samples. All three species have
non-identical niches and distributions (Schoener’s D values 60.50).

Table 3
Relative importance of niche model variables. During modeling, we conducted 20 replicates, retained 20% of samples for training, and applied optimized
parameters from model selection. The training, test, and standard deviation of AUC (=Area Under Curve) scores are measures of model performance. Below the
AUC metrics are the relative contributions of variables. Variables shown contributed >10% to each model and were used for ecological interpretation,
corresponding to the top three variables in each model. Symbols reflect results of the jackknife test of variable importance showing the highest gain when used
in isolation (⁄), the variable that decreased the gain most when omitted (#), and the variable with the highest permutation importance ($).

AUC/variable T. douglasii T. fremonti T. hudsonicus

Test AUC 0.942 0.911 0.905
AUC SD 0.008 0.047 0.012
Annual Temperature (Bio1) 12.7⁄

Isothermality (Bio3) 13.5 31.3#,$

Temperature Seasonality (Bio4) 13.5
Summer Temperature (Bio5) 50.0⁄,$

Precipitation Seasonality (Bio15) 20.0#,$

Winter Precipitation (Bio19) 39.7⁄ 15.8# 21.5

A.G. Hope et al. /Molecular Phylogenetics and Evolution 100 (2016) 170–182 177



4. Discussion

This comprehensive phylogenetic assessment of the North
American red squirrels provides a more complex interpretation
of speciation within these forest obligate species and characterizes
processes that also influence other species of this increasingly frag-
mented community. Congruence across species hints at fundamen-
tal ecogeographic variability on a continental scale that has
predictable evolutionary consequences. Three main dynamics
emerge from our analyses.

The first dynamic reflects evolutionary complexity across North
America among forest dwelling species, with a dichotomy that
contrasts minimal evolutionary structure in eastern North America
(a single widespread lineage for red squirrels) with comparatively
complex structure in the west (three species and multiple lin-
eages). This east/west split reflects the Mississippi discontinuity
as now reported across multiple other taxa (e.g., Soltis et al.,
2006), with the Great Plains Ecoregion serving as a major barrier
between east and west, and a gradient of increasing genetic com-
plexity found within temperate forested biomes from east to west.
Within the west, three geographic centers of diversity exist as
reflected by T. douglasii in westernmost generally mesic forests,
T. fremonti distributed through the Southwest, and T. hudsonicus
with an extensive distribution through remaining interconnected
forests.

The second dynamic reflects regional variability in spatial
responses of species to long-term climate trends. Both genetic
demographic analyses and niche predictions indicate relative sta-
bility through the southwest region with over 60% of current niche
for T. fremonti consistently predicted as suitable through all recent
(Late Quaternary) climate phases. By contrast, all lineages within T.
hudsonicus except for the Central Rockies exhibit significant signals
of recent demographic expansion and virtually no persistent niche
space through timeframes. Dramatically different histories for T.
hudsonicus and T. fremonti reflect alternate modes of diversifica-
tion. In the southwest, T. fremonti is the product of ancient peri-
patric isolation and subsequent divergence accompanied by
periodic fragmentation/reconnection at local scales. In contrast,
glacial and interglacial phase distributions of T. hudsonicus are
non-overlapping, and such vast spatial displacement likely reflects
repeated population extirpations as leading edge expansions and
contractions predominate through time, resulting in species-wide
range shifts. Across the continent-wide distribution of T. hudsoni-
cus, broad-scale fragmentation and range contractions with subse-
quent differentiation in multiple isolated areas, generated high
overall genetic diversity. Tamiasciurus douglasii exhibits an inter-
mediate history with reduced glacial–interglacial phase displace-
ment and medium-term persistence of populations.

The third major dynamic is relatively rapid radiation of three
species despite repeated and ongoing gene flow, reflecting again
high regional complexity in western North America and climate
phase expansion–contraction dynamics. Similar episodes of rapid
diversification are being uncovered in other forest-dwelling mam-
mals with shared geographic distributions (e.g., Shafer et al., 2010).
For instance, both the Sorex cinereus complex and Sorex palustris
complex exhibit longitudinally distributed lineages that reflect a
Mississippi discontinuity, rapid speciation, high genetic complex-
ity in the west, and ongoing gene flow among species (Hope
et al., 2012, 2014a). Similarities in diversification processes are also
found among other sciurids. Chipmunks (multiple genera;
Patterson and Norris, 2015) have a deeper history of speciation
than red squirrels and provide a model for examining how gene
flow has impacted the formation of species (Good et al., 2008;
Sullivan et al., 2014). In addition, both intra- and inter-specific dis-
tributional histories among chipmunks reflect low diversity in

eastern North America (Tamias striatus and a single lineage of Neo-
tamias minimus), as opposed to 22 species that have arisen in west-
ern regions (Hall, 1981) with extensive hybridization at range
boundaries. Marmots (Genus Marmota) also exhibit inter-specific
gene flow (Kerhoulas et al., 2015) and the history of diversification
of multiple genera of ground squirrels has been accompanied by
periodic episodes of introgressive hybridization (Helgen et al.,
2009). Recent speciation, coupled with replicated episodes of gene
flow, both spatially and temporally, among North American red
squirrels should provide novel perspectives on the formation of
Nearctic species (Abbott et al., 2013).

4.1. Systematic relationships

Given the extensive range of red squirrels, a comprehensive
assessment of systematic relationships and evolutionary history
within Tamiasciurus has been hampered by limited geographic
sampling and associated multi-locus genetic perspectives. Hall
(1981) identified substantial morphological variation, recognizing
4 subspecies within T. douglasii and 25 subspecies within T. hud-
sonicus. Subsequently, Lindsay (1981) raised T. d. mearnsi to species
status based on distinctive morphospace among the three species,
but lacking range-wide sampling. The first geographically wide-
spread genetic assessment based on a single locus (Arbogast
et al., 2001) found no genetic divergence between T. douglasii
and T. mearnsi and instead recovered three independent lineages
as western (combined T. douglasii and T. mearnsi), eastern (all T.
hudsonicus except for Southwestern populations) and Southwest-
ern (Arizona, New Mexico, and southern Colorado populations of
T. hudsonicus). Additional mtDNA sequence data identified a para-
phyletic relationship of T. hudsonicus with respect to T. douglasii
(including T. mearnsi) and reported a distinct lineage located in
the Alexander Archipelago of Southeast Alaska (Barber, 2007).
Most recently, multiple nuclear loci suggest refugial isolation on
Vancouver Island (Chavez et al., 2014), and indicate a complex his-
tory of diversification including gene flow, as has been found else-
where between T. hudsonicus and T. douglasii (Chavez et al., 2011).

Considering differentiation across multiple loci, climatic niche
divergence, and previous morphological evidence, the taxonomy
of red squirrels should be updated. The isolated population occur-
ring in Baja California (previously T. mearnsii) is minimally diver-
gent from the remainder of the Western lineage over all loci
examined; however, a combined western clade representing the
Douglas squirrel (T. douglasii and T. mearnsii) forms one of three
species that are well supported over all analyses. The other two
species are the southwestern red squirrel (T. fremonti; including
Southern Rockies, Sacramento Mountains, and Southwestern Sky
Island lineages), and the broadly distributed American red squirrel
(T. hudsonicus) that includes five mtDNA lineages (Continental,
Northwestern, Central Rockies, North Pacific Coast, and Vancouver
Island). These three species better reflect the evolutionary history
and ecology of boreal forest obligates and should improve manage-
ment and conservation planning.

Although our methods allow for more rigorous representation
of systematic relationships within Tamiasciurus, the revised taxon-
omy does not fully account for either incomplete lineage sorting or
recent and historic admixture. In this regard, a closer appraisal of
the nuclear evidence compared with matrilineal inheritance is
informative (Fahey et al., 2014; Hung et al., 2012). Three mtDNA
lineages are highly supported as unique among red squirrels,
including Vancouver Island, Central Rockies, and NPC lineages;
however, all exhibit strong evidence of introgression across differ-
ent temporal scales. Vancouver Island has fixed mito-nuclear dis-
cord where the mitochondria are indicative of T. douglasii, but
only three haplotypes among nuclear loci examined are private
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(most being shared with T. hudsonicus). Given the single mtDNA
lineage present on Vancouver Island, we concur with Chavez
et al. (2014) that this population represents a refugial lineage that
persisted through at least part of the last glacial, resulting from a
small founder event by hybrid individuals of T. douglasii/T. hudson-
icus. North Pacific Coast and Central Rockies mtDNA lineages are
more difficult to interpret. Both exhibit geographically restricted
and private nuclear haplotypes, but also share haplotypes with
other populations, particularly within T. hudsonicus and the Van-
couver Island lineage.

4.2. Niche variability among species

Consistent with updated systematic relationships, modeled dis-
tributions are indicative of ecological differences among all three
species. However, we detected two areas of geographic overlap
coincident with regions of hybridization. Overlaps are likely the
product of incomplete ecological divergence that includes a narrow
set of environmental conditions. For example, although all three
species have overall discordant niches (D = 0.35–0.49), they all
appear to respond similarly to winter precipitation (either the
most important or second most important variable), where each
is predicted in areas with between 200 and 1000 mm of winter
precipitation. Therefore, incomplete ecological differences are
likely because of a combination of winter precipitation, tempera-
ture evenness, and seasonal variation in temperature and/or pre-
cipitation, at distributional peripheries. As a result, in the Rocky
Mountains, temperature seasonality differs less between T. hudson-
icus and T. fremonti, allowing these genetically and ecologically
divergent species to overlap in peripheral areas. Similarly, in the
Pacific Northwest, isothermality (temperature evenness) is most
consistent where T. douglasii and T. hudsonicusmeet, allowing them
to occupy peripheral areas. There are likely also temporal differ-
ences in spatial overlap. For example, the current overlap in the
Rocky Mountains may have formed only recently, whereas
repeated episodes of isolation and reconnection in Northwestern
North America likely permitted greater gene flow in this area.

4.3. Ecology and conservation of regional forest ecosystems

Isolated forest-associated species often reflect classic dynamics
of land-bridge island biogeography (Brown, 1971; Patterson,
1982). Because of their age, size, and isolation (e.g., Frey et al.,
2007) genetic diversity and effective population size (both at pre-
sent and historically) likely dictate risk of extirpation due to warm-
ing and drying climatic trends compounded with stochastic events
(e.g., fire – Koprowski et al., 2005). Conservation of forest periph-
eral isolates is critical considering that many populations among
forest-dwelling species: (1) occur in small, contracting patches of
habitat (Holocene refugia), (2) contribute disproportionately to
overall genetic diversity, and (3) often exhibit unique adaptations
due to their occurrence at the edge of a species’ range (Channell
and Lomolino, 2000; Hampe and Petit, 2005; Koprowski, 2005).

A clearer understanding of the historical biogeography and sys-
tematics of these squirrels enables us to better assess conservation
implications for peripheral isolates, due to comprehensive geo-
graphic sampling and integrated eco-evolutionary methods
(Hope et al., 2013). Peripheral isolates experience high risk of extir-
pation for several reasons. Small population sizes lead to reduced
genetic diversity, although differential selection may contribute
to increased rates of divergence and potentially local adaptation
(Losos and Ricklefs, 2009). Isolates are also at increased risk of
stochastic events coupled with marginal ecological conditions, as
has been exemplified by the Mt. Graham red squirrels in southern
Arizona (Koprowski et al., 2005) and human-mediated habitat
fragmentation. Finally, if isolation persists for extended periods,

then subsequent admixture or genetic ‘‘rescue” from other popula-
tions may dilute recently evolved adaptations, and erode or swamp
unique diversity through introgression (Tallmon et al., 2004).

Several populations within North American red squirrel species
are under increased threat of extinction due to peripheral isolation.
Within T. douglasii, the Baja California populations (T. d. mearnsi)
typify a peripheral isolate, occurring in marginal pine/fir forest
habitat through a narrow altitudinal range, with low population
density, diagnosable morphological features, and unique haplo-
types (De Grammont and Cuarón, 2008). In addition, these popula-
tions exhibit unique behavioral and ecological adaptation that are
not seen further north (e.g., Koprowski et al., 2006). Furthermore,
due to the effects of warming and drying climate trends, continued
habitat fragmentation (e.g., wildfire, logging, grazing), and compe-
tition from introduced eastern gray squirrels, this southernmost
refugial population should be closely monitored (De Grammont
and Cuarón, 2008).

Within T. hudsonicus, multiple peripheral isolates exist. The
hybrid population distributed on Vancouver Island and multiple
satellite islands (Fig. 3) is distinct from others along the NPC, indi-
cating the role of multiple isolated refugia in the Pacific Northwest
during the last glacial phase. The NPC lineage has an extensive dis-
tribution through Southeast Alaska and coastal British Columbia,
with six island populations appearing to represent a pure NPC
mitochondrial lineage, and three islands where multiple mitochon-
drial lineages occur. More comprehensive sampling of the vast
Pacific coastal archipelagos is needed to clarify the spatial extent
of coastal lineages (Fig. 3). Nuclear loci provide a more complex
interpretation that may reflect recent or past hybridization or
incomplete lineage sorting. The NPC harbors endemic diversity
over multiple plant and animal taxa reflecting a long and repeated
history of colonization interspersed with isolation on islands due
to raised sea levels during interglacials, and isolation in refugia
due to ice sheet barriers during glacial phases (Cook et al., 2001).
For example, mammals such as ermine (Dawson et al., 2014),
wolves (Weckworth et al., 2010, 2015) and marten (Small et al.,
2003) show similar patterns of differentiation in this coastal
region, likely reflecting prolonged isolation from continental popu-
lations. Considering multiple human-mediated introductions of
squirrels to individual islands in Southeast Alaska (MacDonald
and Cook, 1996), and other human impacts such as old growth tim-
ber harvest, squirrels endemic to particular islands may be at high
risk. A clearer understanding of the geographic extent of the NPC
lineage is imperative, including the dynamics and history of popu-
lation admixture between discrete lineages. Multiple island popu-
lations through this region should provide a lucrative system for
investigating hybrid dynamics and processes of local adaptation
using genomic methods.

Tamiasciurus fremonti is also represented by multiple insular
populations. Of high conservation concern, the Mt. Graham popu-
lation of T. fremonti in the Pinaleño Mountains of Arizona is here
assessed for the first time as part of a range-wide genetic evalua-
tion of the species in context with its sister species. We confirm
that this population is genetically distinct across loci, but most
similar to populations from the Kaibab Plateau in northern Arizona
and the Gila region of western NewMexico. In addition to the Pina-
leño Mountains, squirrels of the San Mateo Range in central New
Mexico appear to be genetically divergent, but our sampling is lim-
ited to a single individual. Perhaps most surprisingly, squirrels
from the Sacramento Mountains in south-central New Mexico con-
stitute a highly divergent lineage within T. fremonti, dated to
roughly the last interglacial period (130 ka) and coincident with
initial diversification among all lineages within the Southwest. Lit-
tle evidence of demographic expansion among any lineages of T.
fremonti, and distinct diversity coincident with isolated mountain
ranges indicates a potentially extinction driven system in the
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future, if lack of connectivity is coupled with further degradation of
montane forested habitats. Limited current gene flow between
populations indicates that this species is of high conservation con-
cern. Within the Sacramento Mountains, isolation may be exacer-
bated by their ‘‘high and dry” nature. Red squirrels in the
Southwest are restricted to higher elevation conifer forests
although they readily utilize blue spruce (Picea pungens) corridors
along riparian systems. During the last glacial phase, spruce likely
extended more widely along riparian corridors, facilitating connec-
tions between higher elevation forested areas through the South-
western Sky Island Archipelago. However, no major riparian
corridors now exist between the Sacramento Mountains and other
sky islands. Niche predictions support relative isolation of this
region through multiple timeframes (Fig. S5).

A significant contribution of a multi-locus and integrated niche-
prediction approach to conservation phylogenetics is that, in addi-
tion to considering unique peripheral diversity, we can evaluate
evolutionary potential within more complex regions where multi-
ple zones of contact exist between sibling species through time
(Sullivan et al., 2014). Our niche models predict two broad regions
of overlap between the three species of red squirrels, centered over
the Southern Rockies and the Pacific Northwest/Interior Highlands
ecosystems. Nuclear loci suggest ongoing gene flow. However, con-
sidering multiple divergent matrilineages, these regions of contact
are likely representative of recent (Holocene) admixture, with
hybridization an ongoing dynamic process as climate and environ-
ments continue to shift (Hamilton and Miller, 2016; Taylor et al.,
2015). Considering that hybridization may either be detrimental
to parental species or promote both adaptive potential and diver-
sification (Brennan et al., 2015), these regions of complex contem-
porary interactions between species, in addition to peripheral
populations, constitute critical areas for future research, and
conservation-based management.

4.4. Refugia and important ancestral areas of occupation

This multi-locus assessment provides valuable insight for the
temporal and spatial development of continent-wide ecological
and genetic diversity. Because genetic coalescent estimates and
demographics coupled with lineage-specific BEMs can highlight
regional responses (Hope et al., 2015), red squirrels provide a basis
for identifying common processes shaping the biogeography of for-
est communities. From niche predictions through time for T. hud-
sonicus (Fig. S7) and multiple distinct matrilineages, we infer
several ancestral areas of allopatry during the last glacial phase,
generally coincident with those discussed broadly for other taxa
(e.g., Swenson and Howard, 2005). Unique nuclear diversity within
mitogroups, althoughminimal, is consistent with these predictions.
Major areas were centered upon the eastern and western U.S. south
of continental ice sheets and within Beringia, the former two being
corroborated by fossil evidence (Kurtén and Anderson, 1980). The
Beringian refugium (specifically considering the Northwestern
matrilineage of T. hudsonicus) was previously hypothesized
(Chavez et al., 2014). Our expanded genetic sampling indicates very
low historic population size and recent rapid demographic expan-
sion within this lineage (Fig. S3), but with high relative genetic
diversity at highest latitudes. Coupled with the current pervasive
distribution through Southeast Alaska (not considering human
reintroductions), the evidence suggests an early bout of coloniza-
tion through this region, and likely southward expansion out of Ber-
ingia. There is growing evidence for persistence of conifer trees
within Beringia through the last glacial phase (Anderson et al.,
2006; Brubaker et al., 2005; Zazula et al., 2006), a strict requirement
for persistence of these squirrels. In addition, red squirrels are cur-
rently widespread in Alaska, occurring within the northernmost
conifers south of Anaktuvuk Pass at 68�N (Rausch, 1951).

The NPC lineage of T. hudsonicus exhibits relatively high nucleo-
tide diversity and a broad distribution through this extensive
archipelago, indicating persistence in one or more coastal refugia.
Tamiasciurus hudsonicus joins a growing list of taxa for which evi-
dence of refugial persistence exists, and reflecting long-term intact
communities along the NPC (Cook and MacDonald, 2013). The
mixed distribution of haplotypes coupled with niche predictions
within both T. douglasii, and independently within mainland popu-
lations of T. hudsonicus suggests connectivity across much of their
current range is recent and glacial phase ranges were more frag-
mented, particularly through western areas, supporting the con-
cept of ‘‘refugia within refugia” (Shafer et al., 2010). The pattern
is reversed in T. fremonti, in that the fragmented archipelago of
sky-island populations represent current refugia considering many
of these populations experienced much greater connectivity during
the last glacial. However, niche predictions indicate effectively per-
sistent isolation among the three major matrilineages of this spe-
cies (Fig. S5 – LGM). The Sacramento Mountains were most
isolated, while the Southern Rockies were partially isolated from
sites further south due to alpine glaciers in southwestern Colorado,
a significant set of barriers also hypothesized for other taxa
(Barber, 2007).

5. Conclusions

Comprehensive molecular phylogenetic and ecological niche
assessment of a widespread genus through North American forest
ecosystems provides new insights on speciation across the Nearctic
by highlighting how species diverge in response to long-term envi-
ronmental variability. The obligate association of red squirrels with
forests, coupled with relatively recent differentiation accompanied
by gene flow, provides perspective on evolutionary responses to
climate trends across broadly co-distributed taxa. Specifically
within North America, southern peripheral populations of forest
species may reflect long-term persistence through glacial cycling
in cores habitat areas that is coupled with periodic elevational
shifts. In other populations across the continent-wide range, peri-
odic expansion or retraction to predictable refugial areas occur
through latitudinal (and longitudinal) shifts as climate changes.
In addition to focusing on the management of isolated and poten-
tially shrinking peripheral populations, as contemporary environ-
mental perturbations accelerate, it is critical that we also
conserve highly dynamic regions of phylogeographic complexity
within forested systems where evolutionary processes associated
with gene exchange are influencing biodiversity in ways that are
as yet much less clear.
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red squirrel specimen records on VertNet at the time of access for
use in niche predictions.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2016.04.
014.
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Abstract
Atmospheric greenhouse gases (GHGs)must be reduced to avoid an unsustainable climate. Because
carbon dioxide is removed from the atmosphere and sequestered in forests andwood products,
mitigation strategies to sustain and increase forest carbon sequestration are being developed. These
strategies require full accounting of forest sectorGHGbudgets. Here, we describe a rigorous approach
using over onemillion observations from forest inventory data and a regionally calibrated life-cycle
assessment for calculating cradle-to-grave forest sector emissions and sequestration.Wefind that
WesternUS forests are net sinks because there is a positive net balance of forest carbon uptake
exceeding losses due to harvesting, wood product use, and combustion bywildfire.However, over
100 years ofwood product usage is reducing the potential annual sink by an average of 21%, suggesting
forest carbon storage can becomemore effective in climatemitigation through reduction in harvest,
longer rotations, ormore efficient wood product usage. Of the∼10 700millionmetric tonnes of
carbon dioxide equivalents removed fromwest coast forests since 1900, 81%of it has been returned to
the atmosphere or deposited in landfills.Moreover, state and federal reporting have erroneously
excluded some product-related emissions, resulting in 25%–55%underestimation of state total CO2

emissions. For states seeking to reachGHG reductionmandates by 2030, it is important that state CO2

budgets are effectively determined or claimed reductions will be insufficient tomitigate climate
change.

Introduction

Heat trapping greenhouse gases (GHGs) are being
added to the atmosphere at an accelerating rate by
fossil fuel combustion and land use change. Climate
change consequences were recently described by
the Intergovernmental Panel on Climate Change
(IPCC) and theUnited States National Climate Assess-
ment (USGCRP 2018). The IPCC Special Report
(IPCC 2018), Global Warming of 1.5 °C, concludes
that to keep global average temperature below 1.5 °C
by 2100, it is essential to reduce fossil fuel emissions by

45% by 2030, while substantially increasing the
removal of atmospheric CO2. Both reports emphasize
the need to increase atmospheric CO2 removal strate-
gies by forests in addition to sustaining current forest
carbon uptake (Houghton and Nassikas 2018). Some
states in theUShave set targets for reducingGHGs that
include forest climate mitigation options (Anderson
et al 2017, Law et al 2018), yet consistent, rigorous
accounting methods are required for evaluating
options. Challenges include determining the extent
that forests, harvest operations, and wood products
affect GHGbudgets and emissions accountability.
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The most recent global carbon budget estimate
indicates that land-based sinks remove 29%of anthro-
pogenic emissions (including land use change) with a
significant contribution from forests (Le Quéré et al
2018). However, none of the agreements or policies
(IPCC 2006, NRCS 2010, Brown et al 2014, Doe 2017,
EPA 2017, Duncan 2017) provides clear and consistent
procedures for quantitatively assessing the extent for-
ests and forest products are increasing or reducing car-
bon dioxide concentrations in the atmosphere.
Assessments are challenging because they involve
components that require multiple types of expertise
and accounting methods (i.e. forest ecosystem pro-
cesses, wood products, and inherently uncertain sub-
stitution credits). Methods are often in disagreement
over the wood product Life Cycle Assessment (LCA)
assumption of a priori carbon neutrality, where bio-
genic emissions from the combustion and decomposi-
tion of wood is ignored because the carbon released
from wood is assumed to be replaced by subsequent
tree growth in the following decades (EPA 2016).
Despite a multitude of analyses that recognize that the
assumption is fundamentally flawed (Harmon et al
1996, Gunn et al 2011, Haberl et al 2012, Schulze et al
2012, Buchholz et al 2016, Booth 2018), it continues to
be used in mitigation analyses, particularly for wood
bioenergy.

Forests are sustainable net sinks as long as forest
carbon uptake from the atmosphere exceeds emis-
sions from harvesting, wood product use and decom-
position, and wildfire. Wood products ultimately
release CO2 to the atmosphere as they are manu-
factured, disposed of, and decompose or are burned.
However, because of concerns about double-count-
ing, significant emissions associated with harvest and
wood product use have not been counted for any sec-
tor (EPA 2018). These emissions are often not inclu-
ded in state CO2 budget estimates (Brown et al 2014,
Oregon Global Warming Commission 2017), even
when they are included in national budgets
(EPA 2017) (table S1 is available online at stacks.iop.
org/ERL/14/095005/mmedia). If US states intend to
use forests for mitigation strategies, theymust account
for all contributing sources and sinks of forests and
forest-derived products (Stockmann et al 2012,
IPCC2014).

By focusing on a region with sufficient informa-
tion to conduct a meaningful LCA, we demonstrate
how a quantitative assessment of forests, management
practices and wood products can assess the actual role
played by forests and forestry practices in managing
atmospheric CO2.We calculate the regional forest car-
bon balance (from 2001 to 2016) using observations
from over 24 000 forest inventory plots in Washing-
ton, Oregon, and California (states with GHG reduc-
tion mandates). Net forest sector carbon balance is
quantified using an improved LCA including harvest,
transportation, manufacturing, wood product pool
storage and decay, emissions associated with fire, and

substitution for both building construction and
energy production. We specifically consider global
warming potential associated with carbon dioxide and
do not include additional GHGs such as nitrous oxide
and methane. Our aim is to provide an accurate cra-
dle-to-grave, transparent and transferable accounting
method of all forest-derived carbon for other states
and countries with GHG reduction mandates
(figure 1; box 1;figure S1; tables S2–S6).

Results

WesternUS forest ecosystemCO2balance
(2001–2016)
Forest carbon uptake and release (net ecosystem
production (NEP); figure 1(a)) controlled by ecosys-
tem biological processes is calculated as the balance
between forest carbon uptake (net primary production
(NPP)) and forest carbon release through the decom-
position of dead organic matter (heterotrophic
respiration; Rh). In this study, a negative number
indicates a net carbon sink (removal from the atmos-
phere) and a positive number indicates a net carbon
source (addition to the atmosphere). The coastal
Western US states together are a strong forest carbon
sink with NEP of −292±36 million metric tonnes
(MMT) CO2e per year (−857 g CO2e m−2 yr−1)
(table 1; table S1), and account for approximately 60%
of totalWesternUS forest NEP (coastal, southwestern,
and intermountain regions).

In addition to NEP, disturbances from harvest and
wildfire influence estimates of net ecosystem carbon
balance (NECB=NEP minus losses Chapin et al
2006; figure 1(a)). In the Western US states, the sig-
nificant carbon losses from the forest are primarily
from removals of wood through harvest, decomposi-
tion or burning of aboveground and belowground
harvest residues, and wildfire (Law andWaring 2015).
Significant harvest has been occurring in the western
US since the early 20th century (figure S2). Up to 40%
of the harvested wood does not become a product and
the products themselves decay over time, resulting in
product accumulation much smaller than the total
amount harvested (figure 2(a); solid line) (Harmon
et al 1996, Dymond 2012, Williams et al 2016,
EPA 2017). Emissions include combustion of wood
that does not become a product, combustion for
energy, decomposition and/or combustion at end-of-
life (table 1; rows 5, 6, 9, and 10). When these carbon
losses are accounted for, these forests remain sig-
nificant carbon sinks at −187±33 MMT CO2e per
year (−551 g CO2e m

−2 yr−1), with the largest sink in
California (40%) followed by Oregon (33%) and
Washington (27%). Despite California having twice
the fire emissions of the other states (∼10 versus
∼5 MMT CO2e yr−1 per state) the ranking is due
to much lower harvest removals in California
(∼12MMT CO2e yr

−1) compared to almost double in
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Washington (∼20MMTCO2e yr
−1) and triple in Ore-

gon (∼31 MMT CO2e yr
−1). Fire emissions are a third

of harvest removals region-wide.
Building on our earlier work (Harmon et al 1996,

Hudiburg et al 2011, Law et al 2018), we developed a
modified cradle-to-grave model (Forest-GHG) for
combining the balance of carbon captured in forest
ecosystems, wood product use, lifetime emissions, and
eventual return to the atmosphere or long-term sto-
rage in landfills. Forest-GHG tracks emissions asso-
ciated with harvest of wood and manufacturing,
transport and use of wood products. Harvest removals
result in immediate (combustion of residues on-site or

as mill residues with and without energy recapture),
fast (short-lived products such as paper), decadal
(long-lived products such as wood) and centuries-long
(older buildings and land-filled) timeframes before
emissions are released back to the atmosphere
(figures 1(b) and S1). Our model includes seven pro-
duct pools and temporally dynamic recycling and
landfill rates. Most importantly, we now include a
more mechanistic representation of longer-term
structural wood in buildings, by moving beyond a
simple half-life with exponential decay (figure 3 and SI
methods and SI tables 2–6). Our new building
cohort-component method tracks decay of short- and

Figure 1.Conceptual diagramof Forest-GHG (a) describes the natural, land-based forest carbon sinkwhere the net of growth and
decomposition is net ecosystemproduction (NEP), and after accounting for removals fromfire and harvest, the balance is net
ecosystem carbon balance (NECB), (b) describes the cascade of wood products until eventual deposition in landfills or the atmosphere
and shows the pathway of emissions.
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long-lived building components annually, and the lag
time associated with these losses (figure S3). Our wood
bioenergy substitution credits (Sathre and O’Connor
2010) include wood waste from harvest, mill residues,
and wood products displacement of more fossil fuel
intensivematerials.

Using our component tracking LCA, we found
that of the ∼10 700 MMT CO2e of wood harvested in
all three states since 1900 (figure 2), only 2028 MMT
CO2e are currently stored in wood products with half
stored in Oregon (1043 MMT CO2e). In just over 100
years, Oregon has removed the equivalent of all live
trees in the state’s Coast Range forests (Law et al 2018),
and returned 65% to the atmosphere and transferred
16% to landfills. Even though these are some of the
most productive and carbon dense forests in the world

(Hudiburg et al 2009), the carbon accumulated in
much of the removed biomass took up to 800 years to
accumulate—and cannot be recovered if currentman-
agement practices continue.

Forest harvest-related emissions have averaged
107 MMT CO2e annually from 2001 to 2016 (table 1;
row 5, 6, 9, and 10). Emissions are highest from decay
of the wood product pool that has been accumulating
for over 100 years (table 1 row 10; figures 3 and S3).
This is after accounting for recycling and semi-perma-
nent storage in landfills. Structural wood product
decay for long- and short-term components (wood in
buildings; figure 3) account for about 30%–35% of
wood product and landfill decomposition while paper
and non-building wood products account for about
65%–70%. Under this complete accounting, the

Figure 2.Woodproduct inputs and outputs from1900 to 2016 forWashington, Oregon, andCalifornia. (A)Cumulative production
inMMTCO2e per year assuming no losses over time (dotted grey line) versus the realized in-usewood product pool over time after
accounting for decay (losses). (B)Yearly product inputs over time (blue line) that represents the fraction of harvest (removedwood)
that becomes a product versus the decay emissions from the pool over time (red line).

Table 1.Average annual total fluxes by state and region from2001 to 2016. All units are inmillionMTCO2e.Negative numbers indicate a
carbon sink (CO2 is being removed from the atmosphere). Themore negative the number, the stronger the sink. Grey shading is used to
indicate net values that represent carbon sink strength both before and after removals are accounted for.

Ecosystem Washington Oregon California Total

1. Forested area (million hectares) 9.7 12.4 11.9 34.0

2.Net ecosystemproduction (NEP) −89.9 −102.0 −99.8 −291.6

3. Fire emissions 5.1 5.3 10.3 20.7

4.Harvest removals 18.5 30.5 11.5 60.5

Net ecosystem carbon balance (NECB) (sumof rows 1 through 4) −66.4 −66.2 −78.0 −210.5

Forest industry Washington Oregon California Total

5.Harvest residue combustion (onsite) 3.9 6.5 2.5 12.9

6.Harvest, transportation,manufacturing (FFE emissions) 2.8 4.6 1.6 9.0

7.Wood product pool annual inputs −18.5 −30.5 −11.5 −60.5

8. Landfill annual inputs (fromproducts) −6.8 −11.9 −4.2 −22.9

9.Woodmanufacturing losses 3.9 6.5 3.9 14.3

10.Wood product and landfill decomposition 21.4 36.2 13.3 71.0

Net forest sector carbon balance (NECB+sumof rows 5 through 10) −59.5 −54.7 −72.4 −186.6

11.Wood product substitution (wood) −3.0 −4.9 −1.6 −9.4

12.Wood product substitution (energy) −1.8 −3.0 −1.8 −6.6

Net forest sector carbon balance (with credits; NECB+sumof rows 5 through 12) −64.3 −62.6 −75.8 −202.7
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lowest contribution to overall emissions is from fossil
fuel usage during harvest, transportation, and manu-
facturing, i.e. less than 10% of total wood product-
related emissions in the three states.

We found that wood-related substitution for con-
struction materials (0.54 fossil fuel carbon emissions
avoided per unit carbon of wood; table 1 row 11) and
energy (0.68 fossil fuel carbon emissions avoided;
table 1 row 12)may offset 18% of forest industry emis-
sions. This assumes 50% of wood-derived construc-
tion products are substituted for a non-wood product
and that 75% of mill residues are substituted for fossil
fuel energy (Berg et al 2016).

We varied the maximum average life spans of the
wood products used in construction (e.g. buildings) to
examine its effect on emissions estimates. Emissions
areminimally reduced by 2%–4% in each state when a
longer average maximum lifespan is used (100 years)
for the long-term building components and mini-
mally increased by 2%–3% when a shorter average
maximum lifespan is used (50 years, which is themean
lifetime of buildings in theUS EPA 2013).

Combined, the US west coast state forest sector
(cradle-to-grave) is a net carbon sink, removing
∼187 MMT CO2e annually from the atmosphere and

potentially reducing fossil fuel emissions by up to
another 20 MMT CO2e through product and energy
substitution. Harvest-related emissions reduce the
natural sink (NEP—Fire) by 34, 46, and 27% for
Washington, Oregon, and California, respectively.
When substitution credits are included, this changes
to reductions of 27%, 37%, and 23%. Harvest rates
have been highest in Oregon (table 1), contributing to
increasing wood product emissions and the largest
reductions to forest sink capacity.

Discussion

NECB is a good estimate of ecosystem carbon uptake,
e.g. for carbon offsets programs (Anderson et al 2017),
and can be compared spatially with changing environ-
mental conditions or disturbances, but is an incom-
plete calculation of the entire forest sector emissions.
It does not include emissions from wood products
caused by machinery, transport, manufacturing and
losses—emissions that can equal up to 85%of the total
versus 15% from fire, insects, and land use change
(Williams et al 2016). Nor does it account for the
storage and subsequent release of carbon in varying

Figure 3.Conceptualmodels of the Forest-GHGcohort-componentmethod for: (a)mass loss in a cohort of buildings with a 75 year
average life span that accounts for the short and long-termportions of buildings and (b)mass remaining in a single building cohort
over time (with replacement). Data presented is based on the 1900 cohort of single-family homes built inOregon.
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end uses with varied product lifetimes. Given that not
all harvested wood is an immediate source to the
atmosphere and very little harvested wood is stored in
perpetuity, it is essential to track associated emissions
over time. For state- or region-level carbon budgets, a
cradle-to-grave carbon LCA should be combined with
the ecosystem carbon balance (NEP and NECB) to
account for howmuch the forestry sector is contribut-
ing to or offsetting total carbon emissions.

If wood buildings are replaced by wood buildings,
substitution is not occurring, and because wood is pre-
ferred for construction of single-family housing in
North America, some of our substitution values are
overestimated (Sathre and O’Connor 2010). Wood
products store carbon temporarily, and a larger wood
product pool increases decomposition emissions over
time (figure 3). This emphasizes that increasing the
wood product carbon sink will require shifts in pro-
duct allocation from short-term to long-term pools
such as reclaimed (re-used) wood products from
demolition of buildings, and reduction of product
manufacturing losses (EPA 2016). Clearly, there is
potential for climate mitigation by using forests to
sequester carbon in biomass and reduce losses asso-
ciatedwith thewood product chain (Law et al 2018).

It is argued that there may be reductions in fossil
carbon emissions when wood is substituted for more
fossil fuel intensive building materials (e.g. steel or
concrete) or used as an alternative energy source
(Butarbutar et al 2016). Substitution is a one-time
credit in the year of the input. Studies have reported a
range of substitution displacement factors (fromnega-
tive to positive displacement; Sathre and O’Connor
2010, Smyth et al 2017), but we found no study that
has tracked the actual amount of construction product
substitution that is occurring or has occurred in the
past in the United States. This makes substitution one
of the most uncertain parts of this carbon budget. It
may be more easily tracked in the fossil fuel sector
through a decrease in emissions because of reduction
in product supply, in which case it would be double
counting to then include it as a credit for the forest sec-
tor.We show results with and without the substitution
credit (a decrease in forest sector emissions) because it
cannot be verified.We show the potential impact it has
on the overall forest sector carbon sink, even though
the displacement factor may be unrealistically high
(Smyth et al 2017, Dugan et al 2018). For forest sector
emissions assessments, the uncertainty suggests exclu-
sion of the credit.

Currently, state’s GHG accounting budgets are
incorrect because they are not full cradle-to-grave esti-
mates of all CO2 emissions associated with forest nat-
ural processes and human influences. For accurate
GHG accounting, these emissions should be included
in the forestry sector as they are not accounted for by
state’s energy and transportation sectors (IPCC 2006)
(table S1). The US EPA reported average fossil fuel
CO2 emissions of 491 MMT CO2e yr

−1 for the three

states combined (2013–2016). Forest industry harvest,
transportation, and manufacturing fossil fuel emis-
sions are included in this total. However, it is unclear
to what extent wood product decay and combustion
emissions are also counted in state budgets. In Ore-
gon, they are not included at all, resulting in state CO2

emissions that have been underestimated by up to
55% (Oregon Global Warming Commission 2017,
Law et al 2018). Washington includes combustion
emissions from the current year’s harvest (table 1;
Manufacturing losses; row 9), but not fromwood pro-
duct decay, resulting in up to a 25% underestimation
of state CO2 emissions. Because California’s emissions
from other sectors are so high (76% of regional total),
and harvest rates have been historically lower than in
Oregon and Washington, the impact of not including
these emissions is very small as a proportion of the
total. Although fire in California has received much
attention, it only accounts for 3% of the state’s total
fossil fuel CO2 emissions.

These underestimates are especially alarming for
Oregon where GHG reduction targets are to be 10%
below 1990 levels by 2020 and at least 75% below 1990
levels by 2050 (Pietz and Gregor 2014). California and
Washington emissions are to be reduced to 1990 levels
by 2020 (Nunez 2006), and 80% and 50% below 1990
levels by 2050 (Washington State 2008), respectively.

In contrast, the US EPA reports emissions from
wood product decay and landfills (EPA 2017) per the
IPCC guidelines (IPCC 2006) (table S1). However,
combustion emissions from logging and mill residues
are not reported (EPA 2017). Moreover, ecosystem
carbon losses are indirectly estimated through changes
in biomass pools with measurement uncertainty that
can be greater than the change (Ferster et al 2015). So
even at the national level, emissions (as a fraction of
fossil fuel emissions)would be underestimated by 10%
and 24% in Washington and Oregon, respectively.
Undoubtedly, there are implications for reduction
mandates when the magnitude of emissions them-
selves are incorrect.

Conclusions

The goal for all societies and governments as stated in
Article 2 of the United Nations Framework Convention
on Climate Change (Oppenheimer and Petsonk 2005)
should be ‘Kstabilization of GHG concentrations in the
atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system.’
The Paris Climate Agreement (UNFCCC 2015) aims to
keep global average temperature from rising by nomore
than 2 °C above preindustrial levels, and if possible no
more than 1.5 °C. Forests are identified as part of the
strategy (UNFCCC2015).

Although some US states have attempted to quan-
tify a portion of forest-related emissions, improved
estimates are essential to track emissions to meet
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reduction goals. We identified the main components
that should be part of the forest sector state estimates.
We found that emissions have been underestimated by
up to 55% in Oregon and 25% in Washington, and
that at present, these emissions are not reported in
state GHG reporting guidelines. The accuracy of forest
sector emissions estimates can be improved with sub-
regional data on residential and commercial building
lifespans, recycling, verifiable substitution benefits
and accurate monitoring of growth rates of forests.
However, verifiable substitution of one material for
another may be more readily quantified in the fossil
fuel sector.

The 2006 IPCC GHG guidelines provide three dif-
ferent approaches for calculating emissions from har-
vested wood products (IPCC 2006) (including
reporting ‘zero’) and reporting of this component is
not required by UNFCCC. To complicate accounting
further, several studies have shown that using the dif-
ferent recommended approaches results in emissions
that differ by over 100% (Green et al 2006, Dias et al
2007). Moreover, according to IPCC and UNFCCC,
emissions of CO2 from forest bioenergy are to be
counted under land use change and not counted in the
energy sector to avoid double counting. However, this
provides a ‘loophole’ leading to their not being coun-
ted at all.

The United States government currently requires
all federal agencies to count forest bioenergy as carbon
neutral because the EPA assumes replacement by
future regrowth of forests somewhere that may take
several decades or longer (EPA 2018). While it is theo-
retically possible that a replacement forest will grow
and absorb a like amount of CO2 to that emitted dec-
ades or a century before, there is no guarantee that this
will happen, and the enforcement is transferred to
future generations. In any rational economic analysis,
a benefit in the distant future must be discounted
against the immediate damage associated with emis-
sions during combustion. Furthermore, the goal for
climate protection is not climate neutrality, but rather
reduction of net GHGs emissions to the atmosphere to
avoid dangerous interference with the climate system.
Allowing forests to reach their biological potential for
growth and sequestration, maintaining large trees
(Lutz et al 2018), reforesting recently cut lands, and
afforestation of suitable areas will remove additional
CO2 from the atmosphere. Global vegetation stores of
carbon are 50% of their potential including western
forests because of harvest activities (Erb et al 2017).
Clearly, western forests could do more to address cli-
mate change through carbon sequestration if allowed
to grow longer.

Since it is now clear that both CO2 emissions and
removal rates are essential tomeet temperature limita-
tion goals and prevent irreversible climate change,
each should be counted and reported.We recommend
that international agreements and states utilize a con-
sistent and transparent carbon LCA that explicitly

accounts for all forest and wood product storage and
emissions to determine compliance with goals to
lower atmospheric GHGs. Only by using a full
accounting of GHGs can the world manage its emis-
sions of heat trapping gases to achieve concentrations
in the atmosphere thatwill support a stable climate.

Materials andmethods

We calculated the 2001 to 2016 average net forestry
sector emissions from cradle-to-grave, accounting for
all carbon captured in biomass and released through
decomposition by forest ecosystems and wood pro-
ducts industry in Washington, Oregon, and Califor-
nia. Building on our previous work (Harmon et al
1996, Hudiburg et al 2011, Law et al 2013, Law et al
2018), we developed a modified and expanded LCA
method to combine with our ecosystem carbon
balance, now called Forest-GHG (version 1.0; figure 1
and box 1).We accounted for all carbon removed from
forests through fire and harvest. All harvested carbon
was tracked until it either was returned to the
atmosphere through wood product decomposition/
combustion or decomposition in landfills, minus the
amount semi-permanently stored in landfills (buried).
This required calculating the carbon removed by
harvest operations starting in 1900 to present day
because a portion of the wood removed in the past
century is still in-use or decomposing. In addition to
carbon in biomass, we also accounted for all carbon
emissions associated with harvest (equipment fuel,
transportation, manufacturing inputs). Moreover, our
wood product life-cycle assessment includes pathways
for recycling and deposition in landfills. Finally, we
give substitution credits for not using more fossil fuel
intensive materials than wood used in construction of
buildings and energy production.

Observed carbon stocks andfluxes (ecosystem
carbon balance)
Carbon stock and flux estimates were calculated from
over 30 000 forest inventory plots (FIA) containing
over 1 million tree records in the region following
methods developed in previous studies (Law et al
2018) (SI Methods). Flux calculations include NPP
(Clark et al 2001) NEP, and NECB. The NECB
represents the net rate of carbon accumulation in or
loss from ecosystems.

Off-site emissions associatedwith harvest (LCA)
Decomposition of wood through the product cycle
was computed using a LCA (Harmon andMarks 2002,
Law et al 2018). A 117 year wood products pool
(1900–2016) was simulated using reported harvest
rates from 1900 to 2016 for Oregon and Washington
(Harmon et al 1996, DNR 2017, Oregon Department
of Forestry 2017) and from the California State Board
of Equalization (CA 2018). Harvest was converted to
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total aboveground biomass using methods from (Law
et al 2018). The carbon emissions to the atmosphere
from harvest were calculated annually over the time-
frame of the analysis (1900–2016).

The coefficients and sources for the Forest-GHG
LCA (figures 1(b) and S1) are included in table S1
through S6 with all units expressed as a function of the
wood biomass being cut, transported, manufactured,
burned, etc. We accounted for the fossil fuel emissions
that occur during harvest (fuel for equipment) and the
fossil fuel emissions associatedwith transport of wood to
mills. Then, we accounted for the fossil fuel emissions
associatedwithmanufacturing of products followed by a
second transportation emission for delivery of products
to stores and warehouses. Wood that is not made into a
wood or paper product (e.g. waste) is assumed to be
combusted onsite at themill (with 50% energy recapture
as combined heat and power) or used in a product that
will return the carbon to the atmosphere within one year
(table 1 andbox1;WoodManufacturing Losses).

Wood products are divided into varying product
pools and are then tracked through the wood product
cascade until end of life (figure 1(b)). Wood products
are split into seven product pools: single-family
homes, multi-family homes, mobile homes, non-resi-
dential construction, furniture and manufacturing,
shipping, and other wood. We simulated wood pro-
duct storage and emissions to 2050 for display pur-
poses in the figures assuming a constant harvest rate
after 2016.

We estimate the carbon pools and fluxes asso-
ciated with buildings by separating buildings into
components with different life spans (figures 3 and
S3). This allows components and buildings to have a
lag time before significant losses occur, and recognizes
the difference between building life span and the resi-
dence time of carbon in a building. This also allows
capacity for Forest-GHG to have component and
building life spans evolve over time as construction
practices and the environment (including biophysical,
economic, and social drivers) change.

In Forest-GHG, a fraction of each year’s new harvest
is allocated to residential (single-family,multi-family, and
mobile homes) and non-residential construction (Smith
et al 2006). This fraction is further divided into the short-
term (23%) and long-term (77%) components. The

Box 1.Terminology and FluxDefinitions for table 1

1. Forest Area=sum of all forest area in each state derived from

USForest Service forest areamap (30 m resolution). Includes
all ownerships.

1. NEP=Net Primary Production—heterotrophic respiration;

microbial respiration as they decompose dead organicmatter

in an ecosystem.

1. Fire emissions=the emissions associated with combustion of

organicmatter at the time of thefire.Most of what burns is

fine surface fuels, averaging 5%of aboveground biomass in

mixed severityfires ofOregon andNorthernCalifornia.

1. Harvest removals=Wood actually removed from the forest

(not the total aboveground biomass killed). Removals are not

equal to emissions but are the removed carbon from the for-

ests at the time of harvest. This is subtracted fromNEP along

withfire emissions to calculate the net forest carbon balance

from the viewpoint of the forest ecosystem.

NECB=NEP+Fire Emissions+Harvest Removals.The term

is the simplest expression of forest carbon balancewithout track-

ingwood through the product life cycle. Although not all of the

harvest removals will result in instant or near-term emissions,

NECB still captures the impact of the removed carbon on the for-

est ecosystem carbon balance, and is consistent with international

agreements (REDD+, conservation).
1. Harvest Residue Combustion=the emissions associated

with combustion of slash piles; the branches, foliage, and non-

merchantable wood left after harvest operations (remains in

the forest) and burned onsite (assumed to be 50%of slash).

1. Harvest, Transportation, Manufacturing (FFE emis-

sions)=the fossil fuel emissions associatedwith harvest

(skidding, sawing, etc), transportation of logs tomills,manu-

facturing of wood and paper products, and transportation of

products to stores (see table S5 for coefficients).

1. WoodProduct Pool Annual Inputs=Harvest removals

1. Landfill Annual Inputs (from products)=The amount of

wood and paper that is sent to landfills at end of life. In Forest-

GHG, this occurs incrementally from1950 to 1960 and then in

1961 is assumed to be constant at the current rate.

1. WoodManufacturing Losses=fraction of wood that is lost at
themill (sawdust, etc) and is assumed to be returned to the

atmosphere within one year through combustion (with 75%
energy recapture) or decomposition.

1. Wood Product and Landfill Decomposition=fraction of the

total wood product and non-permanent landfill carbon pools

that is returned to the atmosphere annually.

Net Forest Sector CarbonBalance=sumofNECBand rows 5

through 10. Emission sources are rows 5, 6, 9, and 10. Sinks are

rows 7 and 8.

1. Wood product substitution (Wood)=carbon credits that

account for the displaced fossil fuel emissionswhenwood is

substituted for a fossil fuel derived product in buildings (e.g.
concrete or steel).We assume 0.54 gC fossil fuel emissions

avoided per g of C ofwood biomass used.

Box 1. (Continued.)
1. Wood product substitution (Energy)=carbon credits that

account for the displaced fossil fuel emissionswhenwood is

substituted for energy. In theOregon,Washington, andCali-

fornia this primarily amix of natural gas and coal.We include

the biogenic emissions from combustion of forest-derived

woody biomass and include an energy substitution credit if it

is combustedwith energy recapture.

Net Forest Sector CarbonBalance (with substitution credit)=
sumofNECB and rows 5 through 12.
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resulting pools are tracked independently, quantifying
losses through decay and demolition from the year they
startuntil then endof the simulation.

All the components created in a given year are con-
sidered a building cohort that is also tracked separately
each year. All components are summed to give the
total amount of building carbon remaining in a cohort
at a given time (figure S3). For each year, the amount
lost to the atmosphere or to the landfills through
demolition, is simply the current year’s total wood
product carbon pool plus the current years inputs and
minus last year’s total wood product carbon pool.

Substitution
We calculated wood product substitution for fossil fuel
derived products (concrete, steel and energy). The
displacement value for product substitution was
assumed to be 0.54Mg fossil C/MgC (Smyth et al 2017,
Dugan et al 2018) wood use in long-term structures
(Sathre andO’Connor 2010). Although thedisplacement
value likely fluctuates over time, we assumed it was
constant for the simulation period. We accounted for
losses in product substitution associated with building
replacement (Harmon et al 2009), but ignored the
leakage effect related to fossil C use by other sectors. We
assumed 75% of ‘waste wood’ was used for fuelwood in
homes or atmills (woodmanufacturing losses in table 1).
We accounted for displacement of fossil fuel energy
sources using a displacement factor of 0.68 assuming a
mix of coal and natural gas replacement (Smyth et al
2017,Dugan et al2018).

Uncertainty estimates and sensitivity analysis
We calculate a combined uncertainty estimate for NEP
andNECB using the uncertainty in the observations and
input datasets (climate, land cover, harvest amounts).
For the biomass and NPP observations, we performed
Monte Carlo simulations of the mean and standard
deviations for NPP (Hudiburg et al 2011) derived for
each plot using three alternative sets of allometric
equations. Uncertainty in NECB was calculated as the
combined uncertainty of NEP, fire emissions (10%),
harvest removals (7%), and land cover estimates (10%)
using the propagation of error approach. Sensitivity
analysis was only used for the long-term wood product
pool by varying the average life spans of buildings by
±25 years in our new cohort component method. Our
estimates varied by 7%. This was combined with the
uncertainty inNECB to calculate total uncertainty on the
net forest sector carbonbalance.
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A global map of roadless areas and
their conservation status
Pierre L. Ibisch,1,2* Monika T. Hoffmann,1 Stefan Kreft,1,2 Guy Pe’er,2,3,4

Vassiliki Kati,2,5 Lisa Biber-Freudenberger,1,6 Dominick A. DellaSala,7,8

Mariana M. Vale,9,10 Peter R. Hobson,1,2,11 Nuria Selva12*

Roads fragment landscapes and trigger human colonization and degradation of ecosystems,
to the detriment of biodiversity and ecosystem functions. The planet’s remaining large and
ecologically important tracts of roadless areas sustain key refugia for biodiversity and provide
globally relevant ecosystem services. Applying a 1-kilometer buffer to all roads, we present a
global map of roadless areas and an assessment of their status, quality, and extent of
coverage by protected areas. About 80% of Earth’s terrestrial surface remains roadless, but
this area is fragmented into ~600,000 patches, more than half of which are <1 square
kilometer and only 7% of which are larger than 100 square kilometers. Global protection of
ecologically valuable roadless areas is inadequate. International recognition and protection of
roadless areas is urgently needed to halt their continued loss.

T
he impact of roads on the surrounding land-
scape extends far beyond the roads them-
selves. Direct and indirect environmental
impacts include deforestation and fragmen-
tation, chemical pollution, noise disturbance,

increased wildlife mortality due to car collisions,
changes in population gene flow, and facilitation
of biological invasions (1–4). In addition, roads
facilitate “contagious development,” in that they
provide access to previously remote areas, thus
opening themup formore roads, land-use changes,
associated resource extraction, and human-caused
disturbances of biodiversity (3, 4).With the length
of roads projected to increase by >60% globally
from 2010 to 2050 (5), there is an urgent need
for the development of a comprehensive global
strategy for road development if continued bio-
diversity loss is to be abated (6). To help mitigate
the detrimental effects of roads, their construc-
tion should be concentrated asmuchas possible in
areas of relatively low “environmental values” (7).
Likewise, prioritizing the protection of remaining
roadless areas that are regarded as important for
biodiversity and ecosystem functionality requires
an assessment of their extent, distribution, and
ecological quality.
Such global assessments have been constrained

by deficient spatial data on global road networks.
Importantly, recent publicly available and rapidly
improving data sets have been generated by
crowd-sourcing and citizen science. We demon-
strate their potential through OpenStreetMap, a
project with an open-access, grassroots approach
to mapping and updating free global geographic
data, with a focus on roads. The available global
road data sets, OpenStreetMap and gROADS,
vary in length, location, and type of roads; the
former is the data set with the largest length of
roads (36million km in 2013) that is not restricted
to specific road types (table S1). OpenStreetMap is
more complete than gROADS, which has been
used for other global assessments (7), but in cer-
tain regions, it contains fewer roads than sub-

global or local road data sets [see the example of
Center for International Forestry Research data
for Sabah, Malaysia (8); table S1]. Given the pace
of road construction and data limitations, our
results overestimate the actual extent of global
roadless areas.
The spatial extent of road impacts is specific

to the impact in question and to each particular
road and its traffic volume, as well as to taxa,
habitat, landscape, and terrain features. Moreover,
for a given road impact, its area of ecological in-
fluence is asymmetrical along the road and can
varyamongseasons, betweennight andday, accord-
ing to weather conditions, and over longer time
periods.We conducted a comprehensive literature
reviewof 282publicationsdealingwith “road-effects
zones” or including the distance to roads as a
covariate, of which 58 assessed the spatial influ-
ence of the road (table S2). All investigated road
impacts were documented within a distance of
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Fig. 1. The global distribution of roadless areas, based on a 1-km buffer around all roads. The distribution is depicted according to (A) size classes, (B) the
ecological value index of roadless areas (EVIRA; based on patch size, connectivity, and ecosystem functionality), and (C) representation in protected areas (8).
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1 km from the road, 39% reached out to 2 km
from the road, and only 14% extended out to 5 km
from the road (fig. S1). Because the 1-km buffer
along each side of the road represents the zone
with the highest level and variety of road impacts,
we defined roadless areas as those land units
that are at least 1 km away from all roads and,
therefore, less influenced by road effects.We com-

pared results from using this criterion with the
outcomes from using an alternative 5-km buffer
(see fig. S2 and table S3). We excluded all large
water bodies, as well as Greenland and Antarctica,
which aremostly covered by ice, from the analyses.
Roadless areaswith a 1-kmbuffer to the nearest

road cover about 80% of Earth’s terrestrial surface
(~105million km2). However, these roadless areas

are dissected into almost 600,000 patches. More
than half of the patches are <1 km2; 80% are
<5 km2; and only 7% are >100 km2 (table S4 and
fig. S3). If the buffer is extended to 5 km, there is
a substantial reduction in roadless areas to about
57% of the world’s terrestrial surface (~75million
km2), dissected into 50,000 patches (fig. S2 and
table S3). The occurrence, distribution, and size
of roadless areas differ considerably among con-
tinents (Fig. 1A and fig. S4). For instance, themean
size of roadless patches (1-km buffer) is 48 km2 in
Europe, compared with >500 km2 in Africa. Be-
cause of comparatively large gaps in available spa-
tial data on roads inmany segments of the tropics,
the number and size of roadless areas are over-
estimated and should be treated with caution (e.g.,
Borneo; table S1).
All identified roadless areas were assessed for

a set of ecological properties thatwere selected to
reflect their relative importance to biodiversity,
ecological functions, and ecosystem resilience:
patch size, connectivity, and ecosystem function-
ality (9) (table S5). We normalized these three
indicators to between 0 and 100 to calculate an
additive and unitless index of the ecological val-
ue of each roadless area identified (termed the
ecological value index of roadless areas, or EVIRA)
[Fig. 1B and fig. S5; the specific rationale and
technicalities of the chosen indicators are described
in table S5 (8)]. The EVIRA values range from0 to
80. A sensitivity analysis shows that ecosystem
functionality and patch size are the best single
indicators for the final index values (table S6 and
figs. S6 to S8). Areas with relatively high index
values tend to have a lower coefficient of varia-
tion (fig. S9).
We used the International Union for Conser-

vation of Nature (IUCN) and UN Environment
Programme–WorldConservationMonitoringCentre
data set of global protected areas to determine
the extent of roadless areas that are protected (8)
(Fig. 1C). The roadless areas distribution across
human-dominated landscapes was determined
following the classification of so-called anthromes,
defined as biomes shaped by human land use and
infrastructure (10) (Fig. 2 and table S7).
When examining the density of roads within

different biomes, large discrepancies in distribu-
tion are apparent. The tundra and rock and ice-
coveredbiomesarenearly entirely roadless,whereas
temperate broadleaf and mixed forests have the
lowest share of roadless areas (41%; figs. S9 and
S10). Boreal forests of North America and Eurasia
still retain large tracts of roadless areas (figs. S10
and S11). In the tropics, large roadless landscapes
(>1000 km2) remain in Africa, South America,
and Southeast Asia, with the Amazon having the
single largest roadless segment. In relation to the
anthromes (10), about two-thirds of the world’s
roadless areas can be described as remote and un-
modified landscapes [26% uninhabited or sparsely
inhabited treeless and barren lands; 21% natural
and remote seminatural woodlands, with 17% wild
woodlands therein (8); Fig. 2 and table S7]. The
remaining one-third consists of rangelands, indicat-
ing that roadless areas can also occur in anthro-
pogenically modified landscapes.
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Aboutone-thirdof theworld’s roadless areashave
lowEVIRAvalues.Patcheswithrelatively lowEVIRA
values (ranging from 0 to 37; namely, <50% of the
maximum value) account for 35% of the overall
roadless area distribution, becausemost are small,
fragmented, isolated, orotherwiseheavilydisturbed
by humans. Some large tracts of roadless areas,

such as arid lands in northern Africa or central
Asia, occur in areas of sparse vegetation and low
biodiversity and, thus, have low index values for
ecosystem functionality (9) (Fig. 1B). High EVIRA
values occur both in tropical and boreal forests.
The relative conservation value of roadless areas
is context-dependent. Comparatively small or

moderately disturbed roadless areas have higher
conservation importance in heavily roaded envi-
ronments, such as most of Europe, the conter-
minous United States, and southern Canada.
Although the world’s protected areas cover

14.2% of the terrestrial surface, only 9.3% of the
overall expanse of roadless areas is within pro-
tected areas (all IUCN categories; Fig. 1C and
table S8). There is no major difference in the
coverageof roadless areasby strictly protected areas
(IUCN categories I and II) versus the coverage of
the overall landscape by strictly protected areas
(3.8% roadless versus 4.2% overall). Only in North
America, Australia, and Oceania are more than
6% of roadless areas under strict protection (table
S8). If conservation efforts were to prioritize func-
tional, ecologically important roadless areas, we
would find a positive relation between strict pro-
tection coverage and EVIRA values of roadless
areas. However, with the exception of Australia,
this is not the case (Fig. 3 and table S9). Asia and
Africa have particularly low protection coverage
for roadless areas with high EVIRA values. For
instance, we found gaps in the Asian tropical
southeast, as well as in boreal biomes.
The recent Global Biodiversity Outlook (11) gives

a bleak account of the progress made toward
reaching theUnitedNations’ biodiversity agenda
as specified in the 20 Aichi Targets of the Con-
vention on Biological Diversity (12). Governments
have failed on several accounts to keep their use of
natural resourceswellwithin safe ecological limits
(target 4); to halt or at least halve the rate of
habitat loss and substantially reduce the degrada-
tion and fragmentation of natural habitats (target
5); and to appropriately protect areas of particular
importance for biodiversity and ecosystem ser-
vices (target 11). To achieve global biodiversity
targets, policies must explicitly acknowledge the
factors underlying prior failures (13). Despite in-
creasing scientific evidence for the negative im-
pacts of roads on ecosystems, the current global
conservation policy framework has largely ignored
road impacts and road expansion. Furthermore,
key policies on road infrastructure and develop-
ment, such as the Cohesion Policy of the European
Union, fail to take into account biodiversity.
In the much wider context of the United Na-

tions’ Sustainable Development Goals, conflict-
ing interests can be seen between goals intended
to safeguard biodiversity and those promoting
economic development (14). We analyzed how
roadless areas relate to the global conservation
and sustainability agendas. As a transparent syn-
thesis, we calculated simple scores of conflicts
versus synergies of Sustainable Development
Goals and Aichi Targets with the conservation
of roadless areas (tables S10 and S11). Roads are
explicitly mentioned in the Sustainable Develop-
mentGoals only for their contribution to economic
growth (goal 8), promoting further expansion
into remote rural areas, and consideration is
given neither to the environmental nor the social
costs of road development. The resulting scores
reflect substantial imminent conflicts (Fig. 4 and
table S10); only in five Sustainable Development
Goals do synergies with conservation of roadless
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Fig. 4. Synergies and
conflicts between
conservation of road-
less areas and the
United Nations’ Sus-
tainable Development
Goals. Scores <–0.5
(blue bars) indicate that
conflicts with the goal
prevail; scores between
–0.5 and 0.5 (yellow)
indicate a mixture of
synergies and conflicts
with the goal; and
scores >0.5 (green)
indicate prevailing syn-
ergies with the goal [for
details, see table S11
(8)].The scores reflect
substantial imminent
conflicts between vari-
ous Sustainable Devel-
opment Goals and
conservation of road-
less areas (table S11).
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areas prevail, and four Sustainable Develop-
ment Goals are predominantly in conflict with
conservation of roadless areas. Maybe evenmore
surprisingly, several of the Aichi Targets are am-
bivalent with respect to conserving roadless areas,
rather thanbeing in synergyentirely [six conflicting
versus 11 synergistic targets (8); table S11].
There is an urgent need for a global strategy

for the effective conservation, restoration, and
monitoring of roadless areas and the ecosystems
that they encompass. Governments should be en-
couraged to incorporate the protection of exten-
sive roadless areas into relevant policies and other
legal mechanisms, reexamine where road devel-
opment conflicts with the protection of roadless
areas, and avoid unnecessary and ecologically
disastrous roads entirely. In addition, governments
should consider road closure where doing so can
promote the restoration of wildlife habitats and
ecosystem functionality (4). Our global map of
roadless areas represents a first step in this di-
rection. During planning and evaluation of road
projects, financial institutions, transport agencies,
environmental nongovernmental organizations,
and the engaged public should consider the iden-
tified roadless areas.
The conservation of roadless areas can be a key

element in accomplishing the United Nations’
Sustainable Development Goals. The extent and
protection status of valuable roadless areas can
serve as effective indicators to address several Sus-
tainable Development Goals, particularly goal 15
(“Protect, restore and promote sustainable use of
terrestrial ecosystems, sustainably manage forests,
combat desertification, and halt and reverse land
degradation and halt biodiversity loss”) and goal
9 (“Build resilient infrastructure, promote inclu-
sive and sustainable industrialization and foster
innovation”). Enshrined in the protection of road-
less areas should be the objective to seek and
develop alternative socioeconomic models that
do not rely so heavily on road infrastructure.
Similarly, governments should consider how
roadless areas can support the Aichi Targets (see
tables S10 and S11). For instance, the target of
expanding protected areas to cover 17% of the
world’s terrestrial surface could include a repre-
sentative proportion of roadless areas.
Althoughwe acknowledge that access to trans-

portation is a fundamental element of human
well-being, impacts of road infrastructure require
a fully integrated environmental and social cost-
benefits approach (15). Still, under current condi-
tions and policies, limiting road expansion into
roadless areas may prove to be the most cost-
effective and straightforward way of achieving
strategically important global biodiversity and
sustainability goals.
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PLANT PATHOLOGY

Regulation of sugar transporter
activity for antibacterial defense
in Arabidopsis
Kohji Yamada,1,2* Yusuke Saijo,3,4 Hirofumi Nakagami,5† Yoshitaka Takano1*

Microbial pathogens strategically acquire metabolites from their hosts during
infection. Here we show that the host can intervene to prevent such metabolite loss
to pathogens. Phosphorylation-dependent regulation of sugar transport protein 13
(STP13) is required for antibacterial defense in the plant Arabidopsis thaliana.
STP13 physically associates with the flagellin receptor flagellin-sensitive 2 (FLS2)
and its co-receptor BRASSINOSTEROID INSENSITIVE 1–associated receptor kinase
1 (BAK1). BAK1 phosphorylates STP13 at threonine 485, which enhances its
monosaccharide uptake activity to compete with bacteria for extracellular sugars.
Limiting the availability of extracellular sugar deprives bacteria of an energy source
and restricts virulence factor delivery. Our results reveal that control of sugar
uptake, managed by regulation of a host sugar transporter, is a defense strategy
deployed against microbial infection. Competition for sugar thus shapes host-pathogen
interactions.

P
lants assimilate carbon into sugar by pho-
tosynthesis, and a broad spectrumof plant-
interactingmicrobesexploit thesehost sugars
(1, 2). InArabidopsis, pathogenic bacterial
infection causes the leakage of sugars to

the extracellular spaces (the apoplast) (3), amajor
site of colonization by plant-infecting bacteria.

Although leakagemay be a consequence ofmem-
brane disintegration during pathogen infection,
some bacterial pathogens promote sugar efflux
to the apoplast bymanipulating host plant sugar
transporters (4, 5). Interference with sugar ab-
sorption by bacterial and fungal pathogens re-
duces their virulence, highlighting a general
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MATERIALS AND METHODS 

A. Definition of roadless areas 
B. Data set and data accuracy 
C. Data processing - Mapping of roadless areas and general processing 
D. Data processing - Ecological Value Index of Roadless Areas (EVIRA) 
E. Sensitivity analysis for the Ecological Value Index of Roadless Areas (EVIRA) 
F. Policy analyses: synergies and conflicts between conservation of roadless areas and 

conservation and sustainability agendas 
 

A. Definition of roadless areas 

We reviewed 282 scientific papers, out of which 58 publications provided information on 

the spatial influence of various road impacts and/or on the road-effect zone (Table S2). All 

studied impacts were documented within a distance of 1 km from the road, 39% were 

observed in the 1-2 km zone, and only 14% extended out to 5 km. Road effects that go 

beyond 50 km and to even 100 km are rarely documented; they refer to deforestation in 

relation to distance to main roads, not including other minor roads and paths that are 

necessary for forest clearings (Table S2). The 1-km buffer would therefore rather 

underestimate than overestimate the extension of areas impacted by roads. Still it represents 

a reasonable approach to excluding with high certainty those areas that are significantly 

affected by roads. We consider 1 km as the minimum value for road-effect zones at a global 

scale, taking into account landscape heterogeneity, as well as the wide range of road 

impacts across biomes and road categories. Consequently, we defined roadless areas as 

terrestrial areas not dissected by roads and low impacted by road effects (which are at least 

1 km away from the nearest road).  
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B. Dataset and data accuracy 

We used a data set of OpenStreetMap (11/2013) to create a global map of roadless areas. 

This data set is updated on a daily basis and can be freely downloaded. We purchased a pre-

processed data set provided by Geofabrik (http://www.geofabrik.de/de/). The pre-

processing did not change the road data, but instead provided a filtered data set that 

contained only road layers in shapefile format. OpenStreetMap is a volunteered 

geographic information project founded in Britain in 2004 (16). It is one of the most cited, 

analyzed and commonly used platforms of this type and became one of the best alternative 

sources for geodata (17, 18). The aim of OpenStreetMap is to produce and distribute free 

global geographic data (19). The OpenStreetMap data set used in this research provides six 

main road categories. Examples of ‘major roads’ can be motorways and freeways (category 

one); ‘minor roads’ are categorized as small local roads, residential roads, etc. (category 

two). Category three is represented by ‘highway links’ (sliproads/ramps) that connect roads 

with each other. Service roads or roads for agricultural use are considered as ‘very small 

roads’ under category four. Category five is called ‘path’ and mainly used for horse riding 

and cycling, but also for small or off-road vehicles. Category six roads are ‘unknown’ types 

of roads. As all road categories have ecological impacts (Table S2), we included all of them 

in the analyses. 

The CIA World Factbook estimated the road length to be 64-million km in 2013 (20). 

The OpenStreetMap data set (2013) used in this research consists of 36-million km of 

roads. In contrast, the Global Roads Open Access Data Set (gROADS), published in 2013, 

contains 9.1-million km of roads (CIESIN 2013). The gROADS data set has been used in 

http://www.geofabrik.de/de/
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global studies on road impacts, in spite of containing less data than OpenStreetMap (e.g. 

(7)). 

OpenStreetMap relies on the willingness of volunteers, both to contribute entries and to 

edit them for errors (21). Therefore, the data are a crowd-sourced product with unknown 

data quality standards. However, a quality assessment of the OpenStreetMap data, 

including spatial data quality, evolution of street network, polygon geometry, comparison of 

user activity, development, positional accuracy, and completeness is available for different 

regions (17, 22-28). Gröchenig et al. (2014) conducted a global evaluation of the mapping 

progress of OpenStreetMap history between 2006 and 2013 (29). Their results state that 

external and internal factors significantly influence the mapping progress. Some of these 

factors are regional activity of the mapping community, data imports, and environmental 

disasters or other unforeseen events (29). Demographic characteristics affect the mapping 

progress, and the quality of the data can vary significantly among countries (17, 29). 

A high number of road assessments were conducted in Europe (30-34). Often, 

commercial or administrative data sets are used to compare and evaluate OpenStreetMap 

(17). A study published in 2010 assessed the quality of OpenStreetMap for Germany (32). 

Among its findings, the total length of roads was calculated as 1,204,213.69 km, whereas 

the road length data made available by TeleAtlas (an enterprise that provides digital maps, 

user content navigation, and location-based services) was 1,272,681.77 km. TeleAtlas 

focuses more on roads suitable for cars, whereas OpenStreetMap includes all road types 

(32). In the case of the Brazilian Amazon it has been found that the road data from the 

Brazilian Institute for Geography and Statistics (IBGE) are more complete, including ca. 

157,000 km of roads in contrast to ca. 114,000 km in our OpenStreetMap data set.  
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In areas of the tropics where land conversion is advanced, the road network may not be 

well reflected by OpenStreetMap. An extreme example of missing roads in the 

OpenStreetMap data set is Borneo. We carried out a comparative analysis of roads in the 

Sabah region, Malaysia, in northern Borneo. In areas considered to be roadless, closer 

inspection on the ground (in 2015) revealed extensive networks of vehicle tracks, for 

instance, throughout oil palm plantations. A similar result was found in forested areas 

impacted by logging roads. Indeed, cumulative data (1970-2010) compiled by the Center 

for International Forestry Research (CIFOR) indicate that there would be 37,498 km of 

logging roads in the region of Sabah alone. The 2013 OpenStreetMap data set (for Sabah 

created since 2009) used in this study comprises just 4,880 km, which is still more than the 

2,937 km included in the road data set gROADS (1980-2010) that was the basis for other 

global road assessments (CIESIN 2013, 7). Applying a 1-km buffer to each of the three 

road data sets for Sabah demonstrates that roadless areas are underestimated by the 

OpenStreetMap and the gROADS data set (Table S1). According to the gROADS data set 

(CIESIN 2013), 92% of Sabah is roadless. The OpenStreetMap data set shows that 91% of 

Sabah is roadless. In contrast, buffering the logging roads (CIFOR) reveals that only 40% 

of Sabah remains roadless. However, on the other hand, the CIFOR data set seems to 

overestimate existing logging roads. The CIFOR logging roads were mapped in four time 

intervals (1970, 1990, 2000 and 2010) by visual interpretation of satellite imagery. 

Analyzing the CIFOR logging roads with current Google Earth satellite images suggests 

that numerous roads have been overgrown by forest. The amount of logging roads that were 

either non-existent in 2010 or were <10 m wide (therefore not included in the CIFOR 

analysis) is high (35). This simple exercise highlights the methodological problems to be 
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overcome in future mapping. The three data sets can only be compared to a limited extent, 

since the roads have been mapped in different ways, time intervals and for different 

purposes. The gROADS data set (CIESIN 2013) focuses on roads between settlements. For 

Malaysia, gROADS is based on the Vector Smart Map Level 0 data. The CIFOR road data 

set does not include any other road category besides logging roads. In general, the three 

different road data sets (OpenStreetMap, gROADS, CIFOR) vary in length, location and 

type of roads, with OpenStreetMap being the data set with the largest length of roads at a 

global scale, and not limited to one type of roads (Table S1).  

 

C. Data processing - Mapping of roadless areas and general processing 

The global road data set was analyzed and processed for each continent, except for 

Antarctica and Greenland. All roads were buffered on both sides with a geodesic buffer of 1 

km. Due to a very high number of vertices, all buffered roads were generalized with a 

“maximum offset tolerance” of 30 m, using the “Douglas-Peucker simplification 

algorithm” (36). All analyses were conducted with ArcGIS 10.2. A road model tool was 

created with the ArcGIS model builder to facilitate the process. For the purpose of 

comparison, an alternative map of roadless areas was developed with a 5-km buffer to all 

roads (Fig. S2). 

For area calculations, roadless areas were projected with the World Cylindrical 

Equal Area Projection. Spatial calculations and maps were made with ArcGIS Version 10.2. 

Protected area coverage of roadless areas was calculated based on IUCN categories of 

protected areas, including (a) IUCN categories Ia, Ib and II, and (b) other protected areas 
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classified as IUCN categories III to VI (IUCN & UNEP-WCMC 2015). Protected area data 

sets for each country were downloaded and processed singularly instead of using the global 

protected area file due to inconsistencies in the global data set.  

 

D. Data processing - Ecological Value Index of Roadless Areas (EVIRA) 

There are manifold and partially contrasting approaches for defining the conservation 

values of given areas. Attempts at conservation priority setting have been classified as 

reactive and proactive (37), some approaches focus on patterns rather than processes; 

however, in times of rapid environmental change, there are good arguments for especially 

targeting ecological functionality and biological viability (9, 38). Therefore, we chose a 

functional priority-setting approach that is not based on merely anthropocentric values, 

such as use value or aesthetics, but comprises indicators that are defined in line with 

principles of modern ecosystem theory. In this context, we especially consider the 

capability of ecosystems to self-order and regulate abiotic and biotic conditions, which is 

greatly based on the capacity of uptaking and storing eco-exergy (39, 40). Specifically, 

exergy has been used for analyzing and indicating ecosystem health (41-46). As key 

attributes of ecosystem growth and development, Jørgensen (2006) (42) and Jørgensen et 

al. (2000) (43) proposed biomass, information and network as main growth forms of 

ecosystems.  

To assess the conservation value of roadless areas, a corresponding additive index 

(Ecological Value Index of Roadless Areas, EVIRA) was created. Three indicators were 

chosen (for individual and more specific rationale of indicators see Table S5): 



 
 

8 
 

(1) Roadless area patch size: A larger roadless area patch size indicates less human 

disturbance, lower edge effects, higher populations of road-sensitive species, as 

well as higher ecological integrity and self-regulating capacity. 

(2) Thiessen connectivity into all directions for roadless area patches: We describe 

connectivity (and degree of isolation), as the ratio between the size of a 

roadless area patch and its surrounding Thiessen polygon. A Thiessen (or 

Voronoi) polygon describes the area around a sample point or area where any 

position taken from inside the polygon is closer to the sample point/area than 

to any of the other sample points/areas (47). To create Thiessen polygons 

Euclidean distance was calculated with the formula: 

  

 

The larger the Thiessen connectivity value, the closer neighboring roadless 

patches can be found. This is important for the integrity of landscape-scale 

processes (e.g., genetic exchange of metapopulations and endemics with 

narrow geographic ranges confined to roadless areas).  

(3) Ecosystem Functionality Index (9): This weighted, additive dimensionless 

index comprises vegetation density, tree height, carbon storage, species 

richness of vascular plants, plant functional richness and slope. Functionality is 

defined as “the state of ecosystems, characterized by inherent structures, 
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ecological functions and dynamics, that provide ecosystems with both, the 

necessary efficiency and resilience to develop without abrupt change of system 

properties and geographical distribution, and allows for flexible response to 

external changes” (9).  

All indicators (Roadless area patch size, Thiessen connectivity, Ecosystem 

Functionality Index) were rasterized and adjusted in resolution and projection. A resolution 

of 0.002 (equally to 0.2 km) was chosen. ArcGIS 10.2 was used for projection, resolution 

and rasterization. All indicators were normalized between 0 and 100 and a weighted 

additive index was calculated using the software Insensa-GIS (48). Thiessen connectivity 

into all directions and roadless areas patch size were weighted with 25%, whereas 

ecosystem functionality was weighted with 50%. 

 

E. Sensitivity analysis for the Ecological Value Index of Roadless Areas (EVIRA) 

Index construction always involves steps such as indicator selection and weighting. In order 

to transparently highlight the sensitivity of EVIRA to changes in these steps, we performed 

a statistical sensitivity analysis. Three different index versions were produced using 

jackknifing, ten of them using random weight variation within defined borders 

(connectivity into all directions and roadless area patch size 10-50%; ecosystem 

functionality index 30-70%) and one using equal weighting. Within the jackknifing 

procedure, three versions were created where each indicator was removed iteratively from 

the index calculation procedure. Overall 14 different index versions were created to 

perform the sensitivity analysis. 
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Pearson and Spearman rank correlation coefficients were calculated for the three 

indicators and EVIRA (Table S6). Significant and highly positive Spearman rank and 

Pearson correlation coefficients were found between the Ecosystem Functionality Index 

(EFI) (9) and EVIRA (Spearman r= 0.818; p<0.0001; Pearson r= 0.881; p<0.0001; Table 

S6). This is likely to be a consequence of the original weighting scheme of EVIRA, where 

EFI was given a weight double as high as the two other indicators. A high positive and 

significant Spearman rank correlation was also detected for roadless area patch size and 

EVIRA (Spearman r= 0.768; p<0.0001; Table S6). Therefore, EFI and roadless area patch 

size are the best single indicators for the final index output. 

Mean values over all 14 index variations are shown in figure S6 with the highest 

values represented in blue and low values shown in orange. Similar to the original EVIRA, 

highest mean values are recorded for the Amazon, followed by the tundra and taiga of the 

northern and eastern lowlands of Siberia, as well as south-east Asian tropical rain forests.  

The coefficient of variation was calculated over all 14 index variations to evaluate 

the variability of EVIRA (Fig. S9). Most parts of Australia show high levels of variation, as 

well as parts of Africa and central- and southwest Asia. The overall pattern is that regions 

with relatively high index values tend to have a lower coefficient of variation, whereas 

areas with high levels of variation tend to occur in regions with low index values. This 

results in a high confidence in the prediction of the ecological value, especially of those 

areas with high EVIRA values. A negative correlation coefficient between EVIRA and the 

coefficient of variation was detected (Spearman rank correlation: -0.97; Pearson 

correlation: -0.94). The volatility highlights the areas which were most frequently assigned 

a high index value (>70% of the maximum value) within the 14 different index variations 
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(Fig. S7). Very high readings were found for the sites with highest roadless area patch size 

as well as parts of Southeast Asia. 

The proportion of area that changes its index value by less than 25%; between 25-50%; 

between 50-75%; and more than 75%, was explored for the equal weight method, and the 

three different index versions created by the jackknifing procedure (Fig. S8). Indicator 

selection seems to have a stronger effect on the output than the weighting scheme. More 

than half of the area changes its index value between 50 to 75% when connectivity into all 

directions was removed from the index, and 19% of the areas changed its index value by 

more than 75%.  The exclusion of EFI showed that more than 60% of the area changed its 

index value between 25 and 50%. The removal of roadless area patch size (18% change in 

category 25-50%) and applying an equal weighting scheme (5% change in category 25-

50%) did not change the index output significantly.  

 

F. Policy analyses: synergies and conflicts between conservation of roadless areas and 

conservation and sustainability agendas  

The “Aichi Biodiversity Targets” of the Convention on Biological Diversity (CBD) are part 

of the “Strategic Plan for Biodiversity 2011-2020” (12). They circumscribe the United 

Nations’ central agenda for the conservation of the Earth’s diversity of life. They were 

adopted in October 2010 and comprise 20 targets that are grouped into five Strategic Goals. 

Seventeen “Sustainable Development Goals” (SDGs) have been defined within 

“Transforming our world: the 2030 Agenda for Sustainable Development” of the United 

Nations (14), adopted in September 2015. They replace eight “Millennium Development 
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Goals” that were pursued from year 2000 to 2015 (49). The SDGs are associated with 169 

targets. Work on underlying indicators is ongoing; nevertheless, the latest report can 

provide direction for the interpretation of the goals and their respective targets (50). 

Specifically, our analyses of the global sustainability agendas aim at identifying 

potential synergies, conflicts and ambivalences between roadless areas conservation and the 

achievement of conservation and sustainability goals in the policy framework of the United 

Nations. In addition, these analyses indicate imminent conflicts among goals within the 

respective policy frameworks, particularly those concerning the global sustainability 

agenda. Furthermore, a considerable number of conservation and sustainability targets also 

were found to be ambivalent. 

The calculation of conflict-synergy scores for the SDGs (Table S10) and the Aichi 

Strategic Goals (Table S11) is based on a simple index composed of individual scores 

attributed to all corresponding targets to which roadless areas are in some way applicable. 

We excluded the targets related to governance in general (marked by a combination of 

number and letter, e.g. “13.a”) from the analysis, thus reducing the number from 169 to 

126. The individual scores for targets can have three discrete values: 

 -1 (indicated by blue color): conservation of roadless areas is in conflict with the 

achievement of the target; 

 0 (yellow): conservation of roadless areas has an ambivalent relationship with the 

achievement of the target; and 
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 1 (green): conservation of roadless areas is in synergy with the achievement of the 

target. 

Roadless areas do not relate to a number of targets; these targets are therefore excluded 

from the analysis (indicated by grey color). The conflict-synergy score for a goal is 

calculated as the mean of all values for corresponding targets. The scores can, thus, vary 

between -1 and +1. They are classified as follows: 

 <-0.5 (indicated by blue color): conflicts with goal prevail; 

 -0.5 to 0.5 (yellow): mixture of synergies and conflicts with goal; and 

 >0.5 (green): synergies with goal prevail. 

The conflict-synergy scores for goals are also visualized by the colors in the large boxes of 

Tables S10 and S11. 
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SUPPLEMENTARY FIGURES (S1-S11) 
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Fig. S1. Schematic representation of different categories of road impacts on 
biodiversity. These impacts decrease with the distance from the road. Road effects 
generally attenuate beyond one kilometer distance from the road (see literature review in 
table S2). One kilometer was therefore selected as a buffer to identify roadless areas as 
those areas relatively free from road disturbances. 

 
Fig. S2. The global distribution of roadless areas based on a (A) 1-km and a (B) 5-km 
buffer to all roads included in the OpenStreetMap data set (11/2013). 
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Fig. S3. Frequency of global roadless areas size classes based on 1-km buffer to all 
roads included in the OpenStreetMap data set (11/2013). 
 
 



 
 

4 
 

 

Fig. S4. Sizes of roadless areas across continents based on 1-km road buffer using the 
OpenStreetMap data set (11/2003) (Pairwise Wilcox test; “A” indicates that the 
corresponding distributions are not significantly different; p<0.001).  
 
 
 
 
 



 
 

5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5. Workflow of the indexation process for creating the Ecological Value Index of 

Roadless Areas (EVIRA). 
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Fig. S6. Global map of mean values over 14 different index variations for the 
Ecological Value Index of Roadless Areas (EVIRA). Class breaks were calculated using 
the Jenks breaks algorithm. 
 
 
 
 
 

 
 
Fig. S7. Global map of volatility (frequency of that the value achieved at least 70% of 
the maximum index value) of the ecological value index of roadless areas (EVIRA) 
over all 14 index variations. 
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Fig. S8. Proportion of global area whose EVIRA value is changing < 25%, 25-50%, 50-
75% and >75%, as shown by the sensitivity analysis. The three indicators making up the 
EVIRA index are the Ecosystem Functionality Index (EFI), the Thiessen connectivity into 
all directions (THI) and the Roadless area patch size (RLA). 
 
 
 
 
 

 
 
Fig. S9. Mean statistical sensitivity of the Ecological Value Index of Roadless Areas 
(EVIRA) as overall coefficient of variation of 14 index variations.  
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Fig. S10. Extent of roadless areas across biomes (without freshwater bodies, Antarctica 
and Greenland) according to classification by Olson et al. (2001) (51) and based on 1-km 
buffer to all roads included in the OpenStreetMap data set (11/2013).  
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Fig. S11. Size distribution of roadless areas across different biome types assessed with 
a 1-km road buffer using the OpenStreetMap data set (11/2003) (Pairwise Wilcox test; 
if biomes share the same capital letters, then corresponding distributions are not 
significantly different; p<0.001).  
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SUPPLEMENTARY TABLES (Table S1-S11) 
 
 
Table S1. Extent of 1-km-buffer roadless areas for Sabah, Malaysia, comparing three 
different road data sets (OpenStreetMap 11/2013, CIESIN 2013, CIFOR 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2. List of studies documenting or assuming road-effect zones or investigating 
the spatial influence of road effects. Studies are ordered according to the most important 
effect described (some studies dealt with more than one effect). 
 
 
Road type or 

data 
Study system 
and location 

Road effect 
tested 

Effect description Spatial range of 
influence of the road 

effect 
Reference 

CHANGES IN ANIMAL ABUNDANCE, DENSITY AND POPULATION SIZE 

Highway, 
secondary, 
rural and 
cyclist road 

Polders, 
farming areas, 
reclaimed 
marshland 
(Netherlands) 

Changes in 
population 
density of four 
bird species 

Population density increases 
with distance from the road for 
black-tailed godwit (Limosa 
limosa) and the lapwing 
(Vanellus vanellus), but not the 
other species 

Up to 1,800 m (52) 

Highway Willow 
coppices and 
shrubs (central 
Netherlands) 

Density of 
territorial males 
of willow 
warblers 
(Phylloscopus 
trochilus) 

Lower density of territorial 
males, lower presence of older 
males, 50% higher proportion 
of yearling males and 50% 
lower success of yearling 
males in the road zone 

Total annual output of 
males/ha 40% lower in the 
road zone 

Road zone assumed as 
200 m from the road; 
intermediate between 200-
400 m, and control 400 m 

(53) 

Paved major 
roads with 
different traffic 
volume 

Deciduous and 
coniferous 
woodland 
crossed by 
main roads 
(Netherlands) 

Breeding density 
of woodland birds 

Reduced density in 60% of the 
species adjacent to roads, due 
to noise 

The maximum reduction 
of car noise at 200 m from 
the road 

The majority of the 
species (75%) showed 
maximum effect distances 

(54) 

 Roadless areas (km²) Roadless areas coverage (% 
of the territory of Sabah) 

Sabah total area 73,841.91  

Roadless areas using OSM data 66,944.69 91 

Roadless areas using CIESIN 
data 68,271.54 92 

Roadless areas using CIFOR 
data 29,700.56 40 
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between 100 and 1,500 m 

For all species combined, 
the effect distances varied 
between: 

- 40-1,500 m and 70-2,800 
m for roads with 10,000 
and 60,000 cars/day, 
respectively, in deciduous 
woodland 

- 50-79 m and 100- 1,750 
m for roads with 10,000 
and 60,000 cars/day, 
respectively, in coniferous 
woodland 

Paved major 
roads with 
different traffic 
volume 

Open moist 
grassland (N 
and W 
Netherlands) 

Breeding 
densities of bird 
species, including 
waders  

Most species had reduced 
density close to the road; this 
effect was very strong for the 
summed density of all species  

For the density of all 
species combined, the 
disturbance distance was 
120 m and 560 m for 
5,000 and 50,000 cars/day, 
respectively. Among 
species, disturbance 
distance varied between 
20-1,700 m at 5,000 
cars/day, and 75- 3,530 m 
at 50,000 cars/day 

At 5,000 cars/day, 7 out of 
12 species had an 
estimated population loss 
of 12-56% within 100 m 
of roads. At further 
distances, such reduction 
occurred in the black-
tailed godwit (Limosa 
limosa, 22% in the 0-500 
m zone), and the 
oystercatcher 
(Haematopus ostralegus 
44% up to 500 m and 36% 
for 0-1,500 m zone). 

At 50,000 cars/day all 
species showed an 
estimated population loss 
of 40-74% within 100 m 
of the road and >10% at 0-
500 m. Five species 
showed reductions of 14-
44% up to 1,500 m 

(55) 

All roads Rural area 
(Ontario, 
Canada) 

Effect of traffic 
on population 
abundance of 
green frogs (Rana 
clamitans) and 
leopard frogs 
(Rana pipiens) 

Negative effect of traffic 
density on leopard frog 
abundance (more vagile 
species), but not on green frog 
abundance  

Leopard frog population 
density negatively affected 
by traffic density within a 
radius of 1.5 km 

(56) 

Highway Desert 
(California, 
USA) 

Tortoise activity 
and presence 

Tortoise signs increasing with 
distance from the highway 
edge  

Tortoise populations 
depressed in a zone 
extending at least 400 m 
from the road 

(57) 

Unpaved 
roads, mostly 

Lowland 
tropical 

Abundance of Most species responded Effects measures up to 1.2 (58) 
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from oil and 
logging 
companies 

rainforest (SW 
Gabon) 

mammal species negatively to roads km from the road 

Low-traffic 
road within 
forest 

Deciduous 
forest (USA) 

Change in 
abundance of 
salamander 
species 

Reduction in salamander 
abundance 

>35 m (59) 

Highway Protected 
forest and 
commercial 
timberland 
(Adirondack 
Mountain, 
New York, 
USA) 

Impact of road 
de-icing salts on 
the reproduction 
of adults and 
growth and 
survival of 
embryonic and 
larval of spotted 
salamander 
(Ambystoma 
maculatum) and 
wood frog (Rana 
sylvatica) 

High concentration of salt 
reduced amphibian species 
survival close to the road 
(decline of embryo and larvae 
survival rate) 

A demographic model 
predicting population size 
decrease due to exposure to 
road salt (embryo and larva 
mortality effect); stronger 
effect closer to the road 

Salt traveled up to 172 m 
from the highway into 
wetlands 

The negative effect of 
road salt on population 
sizes up to 200 m 

(60) 

Highway Desert (Utah, 
USA) 

Abundance and 
density of small 
mammals 

No clear abundance, density, 
or diversity effects relative to 
distance from the road 

Species-specific response 

No road-effect zone 
measured up to 400 and 
600 m from the road in 
each of the two study 
years 

(61) 

All road types 
and also other 
infrastructure 

Various; meta-
analysis of 49 
studies on 234 
mammal and 
bird species 

Road avoidance 
and reduced 
population 
density of birds 
and mammals 

Mammal and bird population 
densities declined with their 
proximity to infrastructure 

Stronger avoidance in open 
areas compared to forested 
areas 

Habitat- and species-specific 
response 

Up to about 1 km for 
birds, and up to about 5 
km for mammal 
populations 

(62) 

Paved 
highway 

Boreal forest 
(Canada) 

Population 
density of brook 
charr (Salvelinus 
fontinalis) in 
streams 

Population density differed 
markedly between upstream 
and downstream sites near 
highway crossings (of 
intermediate and low 
passability) 

Up to 800 m from 
highway 

(63) 

Phantom road Fir forest and 
cherry bushes 
(Idaho, USA) 

Simulated traffic 
noise effect on 
bird abundance 

Serious (25%) decline in bird 
abundance and almost 
complete avoidance by some 
species between noise-on and 
noise-off periods along the 
phantom road; such effect was 
not detected at control sites 

Control sites at ca 800 m (64)  

Highway Mountainous 
area with 
shrub-steppe 
vegetation 
(Ghamishloo 
Wildlife 
Refuge, Iran) 

Loss of suitable 
habitat and 
disruption of the 
distribution 
pattern of two 
ungulate species, 
the goitered 
gazelle (Gazella 
subgutturosa 
subgutturosa) and 
the wild sheep 

51% and 10% of high quality 
habitat unavailable for gazelle 
and sheep, respectively, due to 
road construction 

Presence points increased with 
road distance 

Large increase in presence 
at > 3km from the road 

(65) 
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(Ovis orientalis 
isphahanica)  

Highways and 
national roads 

Mediterranean 
agricultural 
landscape and 
cork oak 
woodland 
(Alentejo, 
Portugal) 

Likelihood of owl 
species (barn 
owls Tyto alba, 
tawny owls Strix 
aluco and little 
owls Athene 
noctua) 
occurrence 

Higher probability of owl 
occurrence at longer distance 
from major roads, particularly 
for barn owl  

Owl presence occurred at 
further distances (1,591 ± 
SD 960 m) than absences 
(1,097 ± SD 826 m) 

(66) 

Paved 
interstate and 
county roads 

Desert 
(Mojave, 
California, 
USA) 

Signs of Mojave 
Desert tortoise 
presence 
(Gopherus 
agassizii) 

Tortoise signs increased 
significantly with distance 
from roads  

Reductions in signs 
extended farther from the 
high-traffic interstate than 
from the smaller, lower-
traffic county roads (306 
m versus 230 m) 

(67) 

Wide paved 
and minor 
unpaved roads  

Mediterranean 
scrubland, 
dunes and 
wetlands 
(Doñana 
Biosphere 
Reserve, S 
Spain)  

Presence 
probability of two 
ungulates, red 
deer (Cervus 
elaphus) and wild 
boar (Sus scrofa) 

Presence probabilities for both 
species increased with the 
distance to the nearest road, in 
most cases were unpaved 
roads with negligible traffic 
volume 

At 180 m from the nearest 
road, wild boar presence 
probability was lower than 
0.2, and for red deer was 
lower than 0.7 

(68)  

MODIFICATION OF ANIMAL BEHAVIOR 

Highway Willow 
coppices and 
shrubs (central 
Netherlands) 

Breeding 
dispersal of male 
willow warblers 
(Phylloscopus 
trochilus) 

Higher proportion of yearlings 
dispersing and longer dispersal 
distance in the road-zone 

Road zone assumed as 
200 m from the road; 
intermediate between 200-
400 m, and control 400 m 

(69) 

Highway and 
major railroad 
line  

Mountain 
areas covered 
mostly with 
mixed 
coniferous 
forest, valleys 
and prairies 
(Montana, 
USA) 

Movements of 
grizzly bears 
(Ursus arctos) 

Highway crossing frequency 
declined exponentially with 
increasing traffic volume 

Avoidance of areas close to the 
highway 

Bears strongly avoided 
areas within 500 m of the 
highway (asymptote 
within the 500-600 m 
category) 

(70) 

Roads in rural 
areas 

Steppe 
(Patagonia, 
Argentina) 

Flying and 
feeding behavior 
of scavenger 
species 

Flying activity and carcass 
detection was greater near 
roads (500 m buffer) 

Andean condors (Vultur 
gryphus) and black-chested 
buzzard-eagles (Geranoaetus 
melanoleucus) fed far from 
roads, while other species fed 
close to roads 

Optimal distance for 
feeding activities for 
condors and eagles was 
3,110 and 10,460 m from 
the road, respectively, and 
for the other species, from 
218 to 365 m 

(71)  

Paved and 
unpaved roads 

Steppe 
(Patagonia, 
Argentina) 

Andean condor 
(Vultur gryphus) 
behavior at 
carcasses 

In the patches far from roads 
many more condors came to 
feed, the average time spent 
per individual was longer, the 
proportion of time spent 
vigilant was lower, and the 
amount of food left uneaten on 
the carcasses was lower 

Up to 350 m (72)  
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Two-lane 
roads  

Arid 
shrublands and 
grasslands 
(California, 
USA)  

Changes in 
survival, 
reproduction, 
space use, den-
site selection, 
prey availability, 
and diet of San 
Joaquin kit foxes 
(Vulpes macrotis 
mutica) 

No effects of the distance to 
the road on survival, 
reproduction, litter size, space-
use patterns and diet 

No effects from 0 m to > 
1,760 m from the road 

(73)  

Several types, 
from highways 
to unpaved 
roads 

Lentic water 
bodies 
including 
ponds, lakes, 
dams, and 
quiet pools 
within streams 
(S Victoria, 
Australia) 

Traffic noise 
effect on the pitch 
of advertisement 
calls in two 
species of frogs, 
the southern 
brown tree frog 
(Litoria ewingii) 
and the common 
eastern froglet 
(Crinia signifera) 

Tree frogs call at a higher 
pitch in traffic noise and shift 
the call frequency 

Maximum noise at 40 m 
from highway 

(74)  

Paved roads Various, 
review of 25 
studies on 13 
raptor species 

Raptor nest 
location 

Meta-analysis showed an 
overall positive impact on the 
displacement of nests from 
roads  

Big raptors nesting in trees 
exhibited greater displacement 
distances from nests to roads 
than big raptors nesting in 
cliffs 

Distance from nests to roads 
increase 20–30% compared to 
control random points 

The absolute magnitude of 
the displacement distance 
of raptor nests ranged 
between 200 and 800 m 
from the road, and 1,400 
m for tree nesting raptors 
of big size, such as large 
eagles and vultures 

(75)  

Highway and 
railway line 

Mixed 
woodland 
(Buunderkamp
, Netherlands) 

Traffic noise and 
effects on vocal 
activity and 
reproductive 
success of great 
tits (Parus major) 

Traffic noise strongly 
decreased with distance from 
the motorway and varied with 
the time of day, season and 
weather conditions 

Noise levels affected 
negatively the reproductive 
success of great tits (smaller 
clutches and fewer fledged 
chicks in noisier areas) 

Average drop of 20 dB 
SPL in sound levels over 
less than 500 m from the 
road 

Over 400 m from the 
motorway, mainly bird 
vocal activity influenced 
variation in sound levels 
in the 4 kHz band  

(76)  

Highway  
 

Road verges, 
bushes, open 
fields, 
intermittent 
trees, 
woodland 
(UK) 

Bat activity and 
diversity  

Total bat activity, the number 
of species and the activity of 
Pipistrellus pipistrellus (the 
most abundant species) were 
all positively correlated with 
distance from the road 

Activity and diversity 
increased up to 1.6 km 
either side of the road  

(77)  

Several road 
types (paved 
roads, gravel 
roads, 
unimproved 
roads, truck 
trails and ATV 
trails) 

Montane 
ecosystem 
(Rocky 
Mountains, 

Canada) 

Alteration of red 
deer (Cervus 
elaphus) behavior 

Deer close to roads decreased 
their feeding time and 
increased vigilance and time 
spent travelling  

More evident when traffic 
surpasses 12 vehicles per day 

Switch into a more-alert 
behavior closer than 500 
m to roads with more than 
12 vehicles/day 

Twice longer foraging 
bouts, 20% increase in 
feeding time, 23% 
vigilance decrease and 
10% decrease in travelling 

(78) 
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time in deer >1 km from 
roads 

Forest and 
main roads 

Fir–beech 
forests 
(Dinaric 
Mountains, 
Slovenia) 

Home-range size 
of red deer 
(Cervus elaphus) 

Home-range size increased as 
the distance of main roads 
from the edge of the home 
range increased 

Home range stabilizes at 
ca 1,800 m from the road 

(79) 

Highway and 
dirt roads 

Tropical forest 
in metropolitan 
area (SE 
Brazil) 

Scavenger 
removal of 
experimentally-
placed carcasses 

High carcass removal for both 
road categories, with a peak 
during the day on the highway 
and at night on dirt roads 

Road-effect zone as 
assumption: >1 km from 
the highway there is no 
effect of highway on the 
carcass removal rate in 
dirt roads 

(80)  

Forest roads Scrublands and 
oak and mixed 
forests, and 
portions of 
natural 
grasslands, and 
agricultural 
areas (central 
and northern 
Greece) 

Rendezvous site 
selection by 
wolves (Canis 
lupus) 

Rendezvous sites were located 
away from forest roads (most 
important factor at home- 
range scale) 

Wolves selected 
rendezvous sites farther 
from forest roads (mean= 
435 m, range=73–1,614 
m)  

(81)  

Paved and 
unpaved roads 
for visitors use 

Open 
grasslands, 
bush, savanna 
and woodlands 
(Kruger 
National Park, 
South Africa) 

Behavioral 
response and 
local spatial 
distribution of 
impala 
(Aepyceros 
melampus) 

Impalas change their local 
spatial distribution near paved 
and well-traveled roads; 
unpaved roads largely 
unaffected their local 
distribution 

Greater tolerance distances on 
paved roads compared to 
unpaved roads. More flight 
response in unpaved roads 

Few flight response (19.5%); 
habituation may exist 

Mean flight distance from 
the road 30.5 m (range 0–
154) vs 35.0 m (range 0–
215) for those animals that 
did not respond.  

Animals avoid close 
proximity (first 10 m) to 
paved roads 

(82) 
 

REDUCTION OF SPECIES RICHNESS AND DIVERSITY 

Two-lane 
roads 

Mosaic of 
forest, 
shrubland and 
pastures, 
among 12 
cities and close 
to cities (NW 
Madrid, Spain)  

Abundance and 
species richness 
patterns of the 
native avifauna in 
fragmented 
landscape  

Total number of bird species, 
total bird abundance and 
number of threatened species 
was negatively influenced by 
the distance to the nearby 
roads  

The abundance of urban-
exploiter bird species 
increased closer to roads 

In general, significant 
threshold distances 
averaged 300 m for roads, 
but varied among 
parameters 

Mean species richness was 
lowest <110 m from the 
road and highest >1,030 m 

Number of threatened 
species decreased <400 m 
from road 

Highest bird abundance at 
290-540 m from the road 
in deciduous forest areas 

Abundance of urban 
exploiters increased if 
roads <510 m 

(83)  

Paved roads  Wetlands 
(Southern 

Richness of four 
different wetland 

Plant, bird, and herptile 
species richness diminishes 

Strongest relationships at 
distances up to 1,000 to 

(84) 



 
 

16 
 

Ontario, 
Canada) 

taxa (birds, 
mammals, 
herptiles, and 
plants) 

with increasing density of 
paved roads on adjacent lands 

2,000 m from the wetland 
edge 

Critical distance for plants 
is between 1 and 2 km 
from the wetland edge; for 
birds, between 0.5 and 1 
km, and for herptiles and 
mammals at least 2 km  

Unpaved 
forest roads 

Forest (S 
Appalachian 
Mountains, 
Tennessee, 
USA)  

Abundance and 
richness of the 
macroinvertebrate 
fauna of the soil 
and leaf-litter 
depth 
 

Reduced both the abundance 
and the richness of the 
macroinvertebrate soil fauna 
and the depth of the leaf-litter 

Effects on faunal 
abundance and leaf-litter 
depth up to 100 m into the 
forest (max distance 
tested), whereas persists to 
15 m 

(85) 

Unpaved 
forest roads 

Temperate 
deciduous 
forest (USA) 

Change in the 
distributions of 
understory plants, 
and site variables 
(species cover, 
canopy cover, 
litter depth and 
cover, and bare 
ground) 

Richness and diversity of 
native species were lower on 
roadsides 

Exotic species were most 
prevalent near roads 

Roads created a disturbance 
corridor that affected site 
variables 

Native species richness 
back to normal levels after 
5 m distance 

Prevalence of exotic 
species and effects on site 
variables up to 15 m 

(86) 

Highways 
(plus other 
anthropogenic 
barriers) 

Desert regions 
(California, 
USA) 

Genetic diversity 
in metapopulation 
of desert bighorn 
sheep (Ovis 
canadensis 
nelson)  

Reduction in the relative gene 
flow among study populations 

Decline in genetic diversity at 
a rate of 0.4% per year 

Barrier effect distance (at 
which relative gene flow 
decrease equivalently) 
estimated at c. 40 km 

(87) 

Several road 
types 
(highway, 
paved rural 
road, unpaved 
dirt road)  

Second-growth 
forest (Orange 
County, New 
York, USA) 

Diversity, 
abundance and 
species density of 
carrion beetles 

No consistent effects of 
distance from road on the 
diversity, abundance or species 
density of beetles across road 
types 

Forests near highways and 
paved rural roads were less 
diverse than near dirt roads 

No effect up to 120 m 
from the roads (suggestion 
that road effect can 
permeate further) 

(88) 

Highway Rural area 
(Ontario, 
Canada) 

Anuran species 
richness and 
relative 
abundance for 
seven species 

Species richness and 
abundance declined closer to 
the road 

Suggestion that new roads 
should be at least 500 m from 
wetlands (conservative 
estimate of the road-effect 
zone for species richness), but 
greater buffer distances 
recommended (at least 3,000 
m for leopard frogs Rana 
pipiens) 

Road-effect zones of 250–
1,000 m for four of seven 
species and species 
richness, and well beyond 
1,000 m for two species. 

Breakpoint at 
approximately 450-800 m 
from the highway for 
species richness; 200-300 
m for the spring peeper 
(Pseudacris crucifer), 
American toad (Bufo 
americanus), and gray 
treefrog (Hyla versicolor); 
600–1,000 m for the wood 
frog (Rana sylvatica); and 
1,100 to 2,400 m for the 
chorus frog (Pseudacris 
triseriata) 

(89)  
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High-traffic 
paved roads 

Boreal forest 
(Canada) 

Change in 
breeding bird 
occurrence 

Bird species richness increased 
with increasing distance from 
roads 

Traffic noise declined with 
distance from the roads 

Bird species richness 
reached a maximum at 
about 350 m from the road 

Traffic noise reached a 
minimum at about 450 m 
from the roads 

(90)  

Low-traffic 
unpaved roads  

Tropical 
rainforest 
(Amazon, 
Ecuador) 

Change in species 
richness and 
diversity of 
amphibians, 
butterflies and 
birds 

Amphibian richness and 
understory bird richness and 
diversity decreased near roads 

Butterfly and overall diurnal 
bird richness increased near 
roads 

Taxon-specific response to 
roads 

Up to 200 m from the road 
for butterflies, up to 250 
m for amphibians and up 
to 350 m for birds 

(91)  

PROMOTION OF INVASIVE SPECIES 

Paved roads Grasslands 
(California, 
USA) 

Native and exotic 
plant diversity 

In non-serpentine grasslands 
the percentage cover by native 
species, the percentage of 
species that were native, and 
the number of native grass 
species increased with distance 
from roads, while the cover by 
exotic species and number of 
exotic forb species decreased 

No effect of road proximity in 
serpentine grasslands 

Native cover was greatest 
in sites >1,000 m from 
roads (23%) and least in 
sites 10 m from roads 
(9%) 

Percentage of species that 
were native was 
significantly greatest in 
sites >1,000 m from roads 
(44%) and least in those 
10 m from roads (32%) 

(92) 

Paved roads Grasslands 
(California, 
USA) 

Survival and 
biomass of the 
invasive plant 
yellow starthistle 
(Centaurea 
solstitialis) 

In non-serpentine grasslands, 
Centaurea survival and 
biomass was greater in sites 
closer to roads 

No effect of road proximity on 
the performance of planted 
Centaurea on serpentine soil 

Survival and biomass 
greater in near (10 m) than 
in distant (>1,000 m) plots  

(93) 

All types, from 
highways to 
dirt roads, 
typically two-
lane dirt and 
paved roads 

Mature sugar 
maple-
dominated 
forests (W 
Great Lakes, 
Minnesota and 
Wisconsin, 
USA) 

Extent and 
patterns of 
earthworm 
invasion 

Distance to the nearest road 
was the best predictor of 
earthworm invasion in 
Wisconsin 

Negative relationship between 
the distance to the nearest road 
and the presence of four 
taxonomic groups, except 
Dendrobaena which had 
positive 

The invasion of the 
Lumbricus–Aporrectodea 
assemblage generally 
extends nearly 1,200 m 
from roads. The 
probability of occurrence 
does not decline below 
50% until 470-930 m, and 
to 5% until the nearest 
road is > 1,300 m away 

Probability of finding 
Dendrobaena alone 
increases with road 
distance crossing 50% 
at >1,540 m.  

(94)  

Paved and 
forest roads 

 Deciduous 
forest 
(Maryland, 
USA) 

Presence and 
percent cover of 
invasive plant 
species 

More invasive species close to 
roads; sites containing three or 
more invasive species 
observed along paved roads 

Spread rates are higher in 
roadsides; roadside 
populations occupied a larger 
patches and expand more 

Effects measured up to 
150 m from the road; the 
range of influence is 
greater following the 
spread of the species 

(95)  
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rapidly 

High, medium 
and low traffic 
roads 

Dry deciduous 
forest (India) 

Presence of 
invasive plants 

Increase in the presence of 
invasive plant species near 
roads, especially in medium 
and high traffic roads 

Up to 100 m (not 
measured further) 

(96)  

Primary roads Terrestrial, 
freshwater and 
marine 
ecosystems 
(NW Europe, 
encompassing 
Great Britain, 
France, 
Netherlands 
and Belgium) 

Distribution of 
invasive species 
(72, including 17 
terrestrial plants, 
19 terrestrial 
animals, 17 
freshwater and 19 
marine 
organisms) 

Roads promote the dispersal of 
non-native species 

Proximity to roads was a 
particularly important driver 
for plant species distribution 

Maximum probability of 
invasion of two plants, the 
Kudzu (Pueraria lobata 
montana) and Kahili 
ginger (Hedychium 
gardnerianum) within 2 
km from roads  

(97)  

INDUCING DEFORESTATION 

Highways Tropical 
rainforest 
(Amazon, 
Brazil) 

Deforestation 
through forest 
conversion to 
crops, pastures 
and secondary 
forest 

Deforestation has claimed 29-
58% of the forests within 50 
km of paved roads  

More than two-thirds of 
Amazon deforestation 
within 50 km of major 
paved highways 

(98)  

Highways and 
unpaved roads 

Tropical 
rainforest and 
adjoining 
woodlands and 
savannas 
(Amazon, 
Brazil) 

Deforestation Proximity to roads, 
particularly to highways, 
increased deforestation 

Deforestation rose mostly 
sharply within 50-100 km 
of highways and within 
25-50 km of unpaved 
roads 

(99)  

Paved and 
unpaved roads 

Tropical 
rainforest 
(Amazon, 
Brazil) 

Deforestation 
spillover 

Deforestation rises in sites that 
lack roads but are in the same 
county as site with a new 
paved or unpaved road 

100 km (100)  

State and 
federal roads, 
some private 
roads 

Tropical 
rainforest 
(Amazon, 
Brazil) 

Deforestation 
fires (measured 
by hot pixels) 

Exponential declines in hot 
pixel frequency with 
increasing distance from roads 

Fewer deforestation fires 
within protected areas than 
outside 

Almost 90% fires were 
≤10 km from roads 

(101)  

Paved and 
unpaved roads 

Tropical 
rainforest 
(Southern 
Amazon, Peru, 
Brazil, 
Bolivia) 

Deforestation Deforestation rates drop with 
distance from major roads, 
although the distance before 
this drop off appears to relate 
to degree of road paving at 
regional level 

45 km for roads where 
paving is complete; 18 km 
where paving is underway 

(102)  

 Highway Cerrado 
Savannas 
(Brazil) 

Deforestation and 
habitat 
degradation 

Deforestation increases closer 
to the roads, with pasture 
growing near the road, and 
forest cover growing further 
away 

32.6% loss of Cerrado up 
to 9 km from the highway  

(103)  

Official and 
unofficial 
roads  

Tropical 
rainforest 
(Amazon, 

Deforestation Deforestation was much 
higher near roads 

Protected areas near roads had 

Nearly 95% of all 
deforestation occurred 
within 5.5 km of roads 

(104)  
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Brazil) lower deforestation than did 
unprotected areas near roads 

Highways begin to have a 
rapidly diminishing 
influence only at 32 km 

CHANGE OF LANDSCAPE PATTERNS AND FRAGMENTATION 

All road 
network, 
mainly 
composed of 
minor roads 

17 townships 
across three 
ecoregions of 
forested 
landscapes (n. 
Wisconsin, 
USA) 

Changes in 
landscape 
patterns and road 
density in a six-
decade study 
period 

Substantial changes in 
landscape patterns 

Road density doubled and the 
immediate area affected by 
roads increase twofold (5% to 
10%). 

Reduction of median, mean 
and largest roadless patch size 
by a factor of four. 

Increases in housing density 
and fragmentation 

Road-effect zone as 
assumption: 15 m  

(105)  

FACILITATION OF RESOURCE EXTRACTION AND HUNTING 

Road for oil 
extraction and 
access from 
rivers 

Amazon Basin 
(Yasuní 
Biosphere 
Reserve, 
Ecuador) 

Probability of 
hunting by the 
Waorani 
indigenous group  

Spatial extent of hunting 
doubled in the presence of 
road, and include remote areas 

Mean distance walked 
from a point of access 
(road, river) to a kill site 
was 1.36 km (SD=1.18), 
and the maximum distance 
was 7 km (99% records <5 
km) 

(106)  

NOISE INCREASE 

Busy roads 
(and other 
sources of 
noise) 
 

Various 
(review paper) 

Effect of noise 
(sound pressure 
level) on response 
curve of species 
occupancy 
(general model) 
 

Spatial propagation of elevated 
noise levels from a point 
source (such as a single car, 
which decays at a spreading 
loss of 6 dB or more per 
doubling of distance, line 
sources (such as a busy 
highway) lose only 3 dB per 
doubling of distance 

The sound pressure level 
of noise decreases with 
increasing distance but 
may not reach “baseline” 
ambient levels until ~1 km 
away (this distance will 
vary depending on noise 
source and the 
environment) 

(107)  

VARIOUS 

Highway Suburban 
landscape, 
including 
swamps, 
streams, 
wetlands, 
deciduous 
forest, open-
fields, 
residential 
areas 
(Massachusetts
, USA) 

Alteration of 
streams, wetland 
drainage, road 
salt reaching 
water bodies, 
invasion by 
exotic species, 
changes in habitat 
and movement 
patterns of large 
mammals such as 
moose Alces 
alces and deer 
Odocoileus 
virginianus, 
forest and 
grassland birds, 
and amphibians 

The effects of all factors 
extended >100 m from road. 
Moose corridors, road, 
avoidance by grassland birds 
and road salt extended >1 km 

The road-effect zone 
averages approximately 
600 m wide and is 
asymmetric 

(108)  

Highways, 
secondary and 

Various, all Estimation of the 
percentage of 

One-fifth of the U.S. land area 
is ecologically affected by 

Road-effect zone as (109)  
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primary roads USA land ecologically 
affected by the 
public road 
system 

public roads system assumption: 

primary roads (10,000 
vehicles/day): 305 m in 
woodland and 365 m in 
grassland 

primary roads (50,000 
vehicles/day): 810 m in 
natural ecosystems in 
urban areas  

secondary roads: 200 m 
 
 
 
 
 
 
 
 
Table S3. Extent and amount of roadless areas (5-km-buffer) per continent using the 
OpenStreetMap data set (11/2003) (without Antarctica, Greenland, and freshwater 
bodies). 
 

 Asia Africa North 
America 

South 
America Europe Australia Oceania Global 

land 

Total area 
(million km²) 44.32 29.70 21.51 17.64 9.75 7.64 0.43 130.00 

Total roadless 
area cover 

(million km²) 
28.62 19.36 9.88 11.09 1.30 5.09 0.11 75.45 

Percentage of 
roadless 

coverage (%) 
64.58 65.19 45.93 62.89 13.33 66.62 25.58 58.04 
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Table S4. Extent and amount of roadless areas (1-km buffer) per continent using the 
OpenStreetMap data set (11/2003) (without Antarctica and Greenland, and freshwater 
bodies).  
 

 Asia Africa North 
America 

South 
America Europe Australia Oceania Global 

land 

Total area 
(million km²) 44.32 29.70 21.51 17.64 9.75 7.64 0.43 130.00 

Total roadless 
area cover 

(million km²) 
38.83 26.53 13.20 15.52 4.06 6.75 0.27 105.16 

Percent roadless 
cover  87.60 89.30 61.39 88.00 41.64 88.26 63.87 80.28 

Mean roadless 
area patch size 

(km²) 
308.69 522.51 59.69 418.07 47.85 248.58 47.85 176.94 

Maximum 
roadless patch 
size (million 

km²) 

4.23 2.88 3.33 4.82 0.24 0.27 0.03 4.82 

Median roadless 
patch size (km²) 2.85 6.75 0.48 4.81 0.85 2.98 0.84 1.07 

Total no. 
roadless patches 101,992 50,770 221,197 37,124 153,323 24,216 5,691 594,312 

No. roadless 
patches  
>1 km² 

63,555 36,223 86,112 24,817 73,148 15,673 2,699 302,227 

No. roadless 
patches  
>5 km² 

43,854 27,237 36,787 18,420 40,268 10,178 1,463 178,207 

No. roadless 
patches  
>10 km² 

35,274 22,864 23,502 15,431 28,363 7,782 1,073 134,289 

No. roadless 
patches  
>50 km² 

18,356 12,992 7,609 9,189 9,561 3,223 453 61,383 

No. roadless 
patches  

>100 km² 
13,124 9,505 4,580 6,893 5,210 2,055 295 41,662 

No. roadless 
patches  

>1000 km² 
3,077 2,187 769 1,653 432 539 49 8,706 
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Table S5. Rationale of indicators used for Ecological Value Index of Roadless Areas 
(EVIRA). 
 

Indicators Rationale Description 
Roadless area patch 
size 

Large roadless areas provide a much wider 
range of ecological benefits than smaller 
ones where road edge effects impact a larger 
share of the roadless patch (see Table S2).  

Habitat fragmentation and corresponding negative 
environmental changes have been extensively treated 
in many studies (a comprehensive overview is given 
by Bennett et al. (2010) (110). The impacts do not just 
relate to gene flow, population viability and loss of 
(less dispersive) species in habitat fragments, but also 
to ecosystem functioning. For example, there is certain 
evidence related to nutrient cycling, dung removal, 
pollination, and seed dispersal (111). “The impacts of 
fragmentation on ecosystem functioning are often 
exacerbated by synergistic effects such as interactions 
with the matrix and increased hunting pressure in 
fragmented forests” (111). There is growing evidence 
that certain species avoid areas with even minimal 
anthropogenic disturbance (112, 113), which is another 
argument for conservation of large roadless areas. 
Especially in tropical regions, many species exist at 
rather low population densities, are seasonal migrants 
(often across different altitudinal belts) following 
scarce resources, or otherwise require large habitats 
for maintaining viable populations (114-116).  

Thiessen connectivity 
into all directions for 
roadless area patches 

The larger the Thiessen connectivity value, 
the closer neighboring roadless patches can 
be found. This is important for the integrity 
of ecological landscape-scale processes (e.g., 
genetic exchange of populations confined to 
roadless areas).  

Roaded forest ecosystems, for instance, are far more 
vulnerable than intact ones to predatory logging, 
wildfires, illegal mining, exotic species invasions, and 
other anthropogenic threats (7, 114). 

Ecosystem 
Functionality Index 

Ecosystem Functionality is defined as the 
state of ecosystems, characterized by 
inherent structures, ecological functions and 
dynamics, that provide ecosystems with 
both, the necessary efficiency and resilience 
to develop without abrupt change of system 
properties and geographical distribution, and 
allows for flexible response to external 
changes.  

This Ecosystem Functionality Index has been 
published by Freudenberger et al. (2012a) (38). 

comprising the 
following sub-
indicators: 

  

- Vegetation 
density 

Vegetation density is an indicator for 
biomass and the ecosystems' ability to 
dissipate incoming solar energy. 
Furthermore, a higher number of primary 
producers increase the capture of solar 
energy thereby improving ecosystem 
functionality. 

Rationale from Freudenberger et al. (2012a, b) (9, 38). 
Further references and sources provided in the 
corresponding methods sections. 

- Tree height Tree height is used as an indicator for 
biomass as well as structural complexity of 
an ecosystem. Old-growth forest conditions 
and complex vegetation stratification 
including foliage layering is dependent on 
tree height, thereby enhancing biodiversity 
and ecosystem functioning. Furthermore, it 
plays an important part in the absorption of 
solar radiation and in moderating 
microclimatic conditions.  

Rationale from Freudenberger et al. (2012a, b) (9, 38). 
Further references and sources provided in the 
corresponding methods sections. 

- Carbon 
storage 

Carbon storage is considered as an indicator 
for biomass and the ability of ecosystems to 
dissipate incoming solar energy. Areas with 

Rationale from Freudenberger et al. (2012a, b) (9, 38). 
Further references provided in the corresponding 
methods sections. 
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higher carbon storage are also characterized 
by more intensive interactions with the 
atmosphere and higher regulating capacity. 

- Species 
richness of 
vascular 
plants 

Species richness is considered to represent 
functional and structural redundancy, which 
is relevant for the resistance and resilience of 
ecosystems to e.g. climate change. 
Additionally, species richness is also 
associated with complex trophic structure 
and higher cycling rates of biomass, energy 
and information.  

Rationale from Freudenberger et al. (2012a, b) (9, 38). 
Further references and sources provided in the 
corresponding methods sections. 

- Plant 
functional 
richness 

Plant functional richness is an indicator 
derived from modelling survival 
probabilities of different plant functional 
types under climate change. Ecosystems with 
higher functional species richness are more 
likely to adapt to environmental change and 
therefore increase the adaptive capacity of an 
ecosystem. 

Rationale from Freudenberger et al. (2012a, b) (9, 38). 
Further references and sources provided in the 
corresponding methods sections. 

- Slope Topographical heterogeneity is connected to 
habitat diversity and species richness. At 
macro-scale habitat diversity increases along 
altitudinal gradients. Geographical barriers 
increase opportunities for allopatric 
speciation, and contribute to the genetic 
information that is stored within an 
ecosystem. 

Rationale from Freudenberger et al. (2012a, b) (9, 38). 
Further references and sources provided in the 
corresponding methods sections. 

 
 
 
Table S6. Pearson (dark grey) and Spearman rank (light grey) correlation coefficient 
matrix for the three indicators of the ecological value index for roadless areas 
(EVIRA). All correlation coefficients are highly significant with p<0.0001. Correlation 
coefficients with values higher than 0.7 are displayed in bold. 
 

  
Ecological value 
index of roadless 
areas (EVIRA) 

Roadless area 
patch size 

Thiessen 
connectivity 

into all 
directions 

Ecosystem 
functionality 
index (EFI) 

Ecological value index of 
roadless areas (EVIRA) 1.000 0.768 -0.005 0.818 

Roadless area patch size  0.488 1.000 -0.006 0.260 
Thiessen connectivity 

into all directions -0.272 -0.875 1.000 -0.002 

Ecosystem functionality 
index (EFI) 0.881 0.155 0.048 1.000 
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Table S7. Distribution of roadless areas (1-km buffer) across anthromes (km²) (according to Ellis et al. 2010 (10); analysis based 
on OpenStreetMap data set 11/2013). 
 

Anthrome 
classes 

South 
America 

Central 
and North 
America 

Europe Asia Africa Australia Oceania Global 

Share of 
global 

roadless areas 
(%) 

Urban 4,007 4,387 2,374 32,332 9,058 706 263 53,129 0.05 

Mixed 
settlements 18,372 18,749 5,295 233,664 93,038 1,070 1,556 371,746 0.36 

Rice villages  444  1,561,288 358   1,562,090 1.50 

Irrigated 
villages 9,099 18,415 8,092 917,304 31,193   984,105 0.94 

Rainfed 
villages 48,983 70,791 48,853 1,307,198 514,561  85 1,990,474 1.91 

Pastoral 
villages 67,829 16,127 1,748 233,641 195,302   514,649 0.49 

Residential 
irrigated 
croplands 

34,121 50,856 52,030 401,213 47,493 497 191 586,40 0.56 

Residential 
rainfed 

croplands 
453,081 324,541 779,233 2,209,022 1,853,242 7,405 6,051 5,632,575 5.39 

Populated 
croplands 567,180 302,940 531,100 1,484,977 606,286 70,433 15,408 3,578,326 3.43 

Remote 
croplands 161,957 345,517 21,507 360,306 135,530 391,144 7,822 1,423,783 1.36 

Residential 
rangelands 1,252,057 177,381 62,984 1,404,975 3,314,670 9,205 2,844 6,224,116 5.96 
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Populated 
rangelands 2,800,656 572,493 261,741 3,430,646 4,634,380 67,350 27,188 11,794,455 11.29 

Remote 
rangelands 2,214,349 737,996 94,936 5,999,912 2,294,862 6,047,983 76,368 17,466,406 16.72 

Residential 
woodlands 230,507 141,898 106,706 1,322,994 1,343,634 4,246 20,478 3,170,464 3.04 

Populated 
woodlands 1,464,277 490,479 709,214 2,397,132 2,134,048 29,333 60,523 7,285,006 6.97 

Remote 
woodlands 2,182,821 485,807 201,057 1,241,981 448,189 29,731 27,679 4,617,265 4.42 

Inhabited 
treeless and 
barren lands 

781,593 248,646 49,804 2,183,217 1,665,865 508 1,056 4,930,688 4.72 

Wild 
woodlands 2,710,257 5,929,872 829,528 7,534,326 332,290 71,611 17,868 17,425,751 16.68 

Wild treeless 
and barren 

lands 
484,370 2,976,033 171,235 4,345,674 6,858,975 1,771 444 14,838,501 14.21 
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Table S8. Protection status of roadless areas (1-km buffer) per continent (without Antarctica, Greenland, and large freshwater 
bodies) based on WDPA 2014 and OpenStreetMap (11/2003). 
  Asia Africa North America South 

America Europe Australia Oceania Global land 

Protected areas 
cover (all 

categories) (km²) 
4,977,721 4,112,914 2,646,754 4,087,773 1,510,183 1,196,688 93,123 18,625,157 

Protected area 
cover (%) 11.2 13.8 12.3 23.2 15.5 15.7 21.8 14.2 

Roadless areas 
in IUCN 

categories (km²) 
3,989,458 2,056,657 2,146,627 2,364,065 410,437 1,074,445 72,177 12,113,866 

Percent IUCN 
coverage of 

roadless areas  
9.0 6.9 10.0 13.4 4.2 14.1 17.0 9.3 

Strictly 
protected areas 
(IUCN I & II) 

(km²) 

1,029,356 1,028,218 1,511,100 997,502 272,877 589,763 33,848 5,462,664 

Strictly 
protected areas 
(IUCN I & II) 

(%) 

2.3 3.5 7.0 5.7 2.8 7.7 7.9 4.2 

Roadless areas 
in strictly 

protected areas 
(IUCN I & II) 

(km²) 

966.322 969.151 1.370.853 974.208 180.903 525.068 28.492 5.014.999 
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Roadless areas 
strictly 

protected (IUCN 
I & II) (%) 

2.2 3.3 6.4 5.5 1.9 6.9 6.7 3.8 

Protected areas 
(IUCN III-VI) 

(km²) 
3,215,796 1,194,583,55 1,006,467,51 1,450,552,58 701,944,89 581,476,89 54,291,11 8,205,112,91 

Protected areas 
(IUCN III-VI) 

(%) 
7.3 4.0 4.7 8.2 7.2 7.6 12.7 6.3 

Roadless areas 
in protected 

areas (IUCN III-
VI) (km²) 

3,023,136 1,087,506 775,773 1,389,857 229,534 549,377 43,683 7,098,867 

Roadless areas 
in protected 

areas (IUCN III-
VI) (%) 

6.8 3.7 3.7 7.9 2.3 7.2 10.2 5.4 
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Table S9. Extent and coverage of roadless areas of 1-km buffer under strict protection (IUCN I-II) category, according to their 
Ecological Value Index of Roadless Areas (EVIRA) using the OpenStreetMap data set (11/2003). 

 

EVIRA 
values 

North 
America 

(km²) 

South 
America 

(km²) 

Asia 
(km²) 

Africa 
(km²) 

Europe 
(km²) 

Australia 
(km²) 

Oceania 
(km²) Global (km²) 

0 - 13  0  0 0 0 0 0 0 0 

14 - 28  109,7  8,0 5,430 6,092 1,700 50,525 2.2 63,868 

29 - 33 86,441  9,367 98,425 269,842 2,042 274,650 855 741,622 

34 - 37 81,286  20,640 108,467 201,490 13,496 82,089 36 507,500 

38 - 42 75,476  45,810 81,685 240,560 44,801 29,444 106 517,883 

43 - 47  454,357  64,917 100,975 85,371 66,762 23,597 417 796,396 

48 - 53  204,952 151,089 173,866 50,750 40,796 11,856 15,446 648,755 

54 - 58  444,939 132,629 147,985 88,619 7,878 34,984 8,074 865,107 

59 - 64 17,582  31,144 105,544 25,579 2,437 16,871 3,466 202,623 

65 - 80  3,617 518,198 143,008 0.0 227 82 0.3 665,132 

Sum 1,368,760 973,802 965,384 968,299 180,140 524,099 28,401 5,008,886 



 
 

29 
 

Table S10. Synergies and conflicts between conservation of roadless areas and the 
United Nations’ Sustainable Development Goals (SDGs) and their corresponding 
targets. Left column: Assessment of goals (large boxes): grey: at most weak synergies and 
conflicts with goal, blue: conflicts with goal prevail, yellow: mixture of synergies and 
conflicts with goal, green: synergies with goal prevail. Assessment of targets (insert boxes): 
grey: not applicable, blue: conflict, yellow: ambivalent relationship, green: synergy. 
Numbers in italics: target numbers. Bold number at bottom: conflict-synergy score of goals. 
: reference to target(s). 
 

Sustainable Development Goals and targets Brief analysis of synergies and conflicts between 
conservation of roadless areas and Sustainable 

Development Goal targets 
Goal 1. End poverty in all its forms everywhere 
 

1 
2 
3 
4 
5 

-0,5 
 
Compare AICHI BIODIVERSITY TARGETS 2, 14. 

Synergies: The SDGs explicitly acknowledge the 
importance of integrating ecosystem and biodiversity values 
into poverty reduction strategies and accounts (compare to 
15.9). In remote areas inhabited by indigenous or traditional 
people in the developing world, where governance is weak, 
road development may trigger uncontrolled frontier 
expansion and associated poverty. In the Amazon, frontier 
expansion through road construction has fostered large-scale 
economic activities (e.g. oil extraction, livestock and soy 
production), but often at the expense of the local 
communities. Road development in the region is associated 
to dire conflicts over land and natural resources (117, 118). A 
better planning of the road development process and a 
prioritization of roadless areas for conservation purposes can 
help to reduce risks related to poverty ( targets 1.1, 1.2, 
1.4). In the Amazon, for instance, a more sensitive proposed 
development strategy should focus on strengthening 
governance in areas where roads have been established for a 
long time (and human population is relatively large and 
human development indices are low), while leaving more 
remote areas roadless or with roads unpaved (119). 
 
Functional ecosystems, as they exist in roadless areas, 
effectively reduce human exposure to environmental shocks 
and disasters, including climate-related extreme events (such 
as floods: e.g., (120), water scarcity: e.g., (121), compare 
goal 6, fires: e.g., (122);  target 1.5). It is of great 
importance to maintain ecosystem functionality on the 
landscape scale, e.g. by prioritizing conservation of roadless 
areas around the headwaters of rivers against extreme 
fluctuations in run-off along the densely populated and 
intensively managed tailwater. 

Conflicts: Poverty often is related to the lack of access to 
markets and employment options (compare goal 8), health 
(compare goal 3) and education infrastructure (compare goal 
4; (123-126)). Case studies have shown how roads 
significantly reduce poverty and increase consumption 
growth ( targets 1.1, 1.2, 1.4; (127-129)). Reduced 
mobility also hampers organizational capacities, especially in 
remote rural areas, where it is difficult for poor people to 
meet and coordinate activities. In general, poor people will 
ask for better roads and mobility. Goal 9 explicitly addresses 
the relevance of infrastructure (see below). The conservation 
of roadless areas seems to represent a serious conflict and 
obstacle to development – if this development is thought 
along conventional lines and without exploring more 
sustainable alternatives for providing mobility. 
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Goal 2. End hunger, achieve food security and improved 
nutrition and promote sustainable agriculture 
 
 

1 
2 
3 
4 
5 

-0,6 
 
Compare AICHI BIODIVERSITY TARGETS 7, 8, 14. 

Synergies: In remote regions, as they are found in parts of 
the western Amazon forests, the subsistence of many 
indigenous communities depends on forest products. 
However, new roads built into previously remote areas of 
low human population density have often triggered 
conversion of forest to croplands and pastures (130) and 
unsustainable exploitation of wildlife that can then be 
marketed easily as bushmeat in cities. Bushmeat can thus 
become scarce for residents who rely on this protein source 
(131, 132). 
 
Functional ecosystems, as they exist in roadless areas, 
effectively reduce human exposure to environmental shocks 
and disasters, including climate-related extreme events ( 
target 2.4; compare goal 1). 
Conflicts: At many places of the world, undernourishment 
increases with distance from roads and with it from markets 
and health services, among others (133). Hunger can also be 
promoted by limited options for reaching poor rural people 
with food aid and development assistance ((134);  targets 
2.1-2.3, 2.5; compare goals 1, 3, 4, 6, 9). 

 
Goal 3. Ensure healthy lives and promote well-being for all at all 
ages 
 

1 
2 
3 
4 
5 
6 

7 
8 
9 

-0,1 
 
Compare AICHI BIODIVERSITY TARGETS 6, 14. 

Synergies: In general, roadless areas guarantee high 
ecosystem functionality (compare goal 1) and with it a 
variety of ecosystem services that are fundamental to 
people’s health. Among others, tropical forest-dwelling 
indigenous communities use a variety of medicinal forest 
plants that can become scarce in the course of road 
construction and subsequent deforestation (135).  
Roadless areas exclude deaths and injuries from road traffic 
accidents ( target 3.6) as well road and traffic-related 
hazardous chemicals and air, water and soil pollution and 
contamination ((136, 137);  target 3.9; compare goal 6). 
Road development in the Amazon and Indonesia has been 
shown to be associated with the spread of diseases ((117);  
target 3.3). Abrupt contact with modern life-styles via new 
roads increases the vulnerability of formerly remote human 
populations to drug abuse and alcohol consumption ((138); 
 target 3.5).  
Conflicts: Remote rural populations mostly have reduced 
access to health care and medical assistance ((133);  
targets 3.1, 3.2, 3.4, 3.7, 3.8). 

Goal 4. Ensure inclusive and equitable quality education and 
promote lifelong learning opportunities for all 
 

1 
2 
3 
4 
5 
6 
7 

-0,9 
 

Compare AICHI BIODIVERSITY TARGETS 1. 
 

Synergies: Experiencing wilderness has become an 
important element of education. While roadless areas are less 
accessible by motorized ways, they provide opportunities for 
this kind of education ((139) compare goal 8: nature 
tourism). 
Conflicts: With increasing distance from roads, access to 
“quality" education becomes more difficult. Among others, 
remote rural populations often lack literacy in the use of 
emerging technological devices (computers, internet etc., 
(140);  targets 4.1-4.7). 

Goal 5. Achieve gender equality and empower all women and 
girls 

Synergies and conflicts: - 
Goal 6. Ensure availability and sustainable management of water 
and sanitation for all 
 

1 
2 
3 

Synergies: Roads significantly harm the integrity and 
functionality of ecosystems and several services they provide 
to people (compare goal 1).  
Roads (including their construction) and traffic have been 
known for a long time as a source for water pollution ((141); 
 targets 6.1, 6.3, 6.5, 6.6). 
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4 
5 
6 

0,4 
 
Compare AICHI BIODIVERSITY TARGETS 6, 8, 14. 

Conflicts: In general, remote rural populations often have 
reduced access to technology, infrastructural development 
and assistance. It is cost-efficient, and practical for 
maintenance, to install water and sewer systems in the course 
of road construction ( targets 6.1, 6.2). 

Goal 7. Ensure access to affordable, reliable, sustainable and 
modern energy for all 
 

1 
2 
3 

-0,5 
 
Compare AICHI BIODIVERSITY TARGETS 7, 8, 14. 

Synergies: none. 

Conflicts: In general, remote rural populations often have 
reduced access to technology and infrastructural 
development (compare goal 6). Electric wires can relatively 
easily be installed and maintained along roads ( targets 
7.1, 7.2). However, small-scale renewable (solar, wind) 
energy plants can be an alternative with additional 
advantages (low cost, energy autonomy;  target 7.2). 

Goal 8. Promote sustained, inclusive and sustainable economic 
growth, full and productive employment and decent work for all 
 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
-0,3 

 
 
Compare AICHI BIODIVERSITY TARGETS 2. 

Synergies: Roadless areas can contribute substantially to 
slowing down environmental degradation ( target 8.4; 
compare goal 15, 13). In addition, certain micro- and small 
enterprises can arise in spite of relatively great distances 
from roads ( target 8.3) – or even depend on remoteness 
(nature tourism, e.g., (142);  target 8.9). It has been shown 
for the Amazon region that road development is associated 
with slave labor ((118);  target 8.7). Facilitated access to 
markets by roads may not always improve the income levels 
of poor people, as they will not be able to afford goods such 
as cars and petrol. 
Conflicts: Ease of mobility of people and goods promotes 
economic productivity and growth ((143);  targets 8.1, 8.2; 
compare goals 9, 1). Young people of remote rural areas 
mostly have reduced access to good education and training 
opportunities (compare goal 4) and subsequently lower 
chances on the labor market ((144);  target 8.6). 

Goal 9. Build resilient infrastructure, promote inclusive and 
sustainable industrialization and foster innovation 
 

1 
2 
3 
4 
5 

-0,3 
 
Compare AICHI BIODIVERSITY TARGET 2. 

Synergies: Upgrades of roads in the existing network can be 
a cost-efficient and environmentally less problematic 
alternative to building new roads ((4);  target 9.4). 

Conflicts: Economic development, especially in developing 
economies or those in transition, depends on an effective 
road network ((143);  targets 9.1, 9.2; compare goals 8, 1). 

Goal 10. Reduce inequality within and among countries 
 

1 
2 
3 
4 
5 
6 
7 

-0,7 
 
 

Synergies: none. 

Conflicts: Modern road traffic has increased the mobility of 
people and goods, but comes with an increased risk of 
accidents ((145);  target 10.7). Roads have a variety of 
homogenizing effects - in terms of biological diversity (e.g., 
aided dispersal of invasive species: (146), culturally ((147); 
 target 10.2) etc. Economically, road building provides 
poor rural societies a better access to economic dynamics 
and is thus a standard element of economic development 
strategies ((143);  target 10.1; compare goals 9, 8, 1). 
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Goal 11. Make cities and human settlements inclusive, safe, 
resilient and sustainable 
 

1 
2 
3 
4 
5 
6 
7 

0,5 
 
Compare AICHI BIODIVERSITY TARGET 14. 

Synergies: “Indigenous peoples in voluntary isolation” 
request participation in road and human settlement planning 
and want to be exempted from any such development (117). 
Targeting roadless areas will help concentrate development 
in urban areas and their immediate surroundings ((105);  
target 11.3). Failing to do so regularly results in “contagious 
development”, i.e., unleashing a positive feedback of road 
construction and intensive land-use in a formerly road-free 
landscape (4, 7). Remote areas, which provide vital 
ecosystem services to cities, can thus be kept functioning ( 
target 11.5; compare goal 13, 1, 2). The status of natural 
heritage sites (“Criteria for the assessment of Outstanding 
Universal Value”: vii, ix and x; (148)) is vitally coupled with 
remoteness ( target 11.4). 
Conflicts: Further road construction may be deemed 
necessary to provide convenient access to public transport 
for a larger part of the population. However, people in 
remote rural regions may not be able to pay for public 
transport ((149);  target 11.2). 

Goal 12. Ensure sustainable consumption and production 
patterns 
 

1 
2 
3 
4 
5 
6 
7 
8 

1,0 
 
Compare AICHI BIODIVERSITY TARGET 4. 

Synergies: Road construction and maintenance consume 
significant amounts of material (and energy) and thus enlarge 
the national and per capita material footprint ((150);  
target 12.2). Including roadless and other important areas for 
biodiversity and ecosystem services for people would make 
sustainability reports of companies (151) more diagnostic 
and could thus provide guidance for the adoption of 
sustainable practices ( target 12.6).  
Conflicts: none. 

Goal 13. Take urgent action to combat climate change and its 
impacts 
 

1 
2 
3 

1,0 
 
Compare AICHI BIODIVERSITY TARGETS 15, 10, 14. 

Synergies: Functional ecosystems, as they exist in roadless 
areas, strengthen the resilience and adaptive capacity of 
human societies to climate-related hazards and natural 
disasters ( target 13.1; compare goals 1-3). Roadless areas 
conservation would thus form a meaningful element of 
policies, strategies and planning for climate change 
adaptation ((2);  target 13.2). Road construction and 
maintenance (with cement production being a relevant 
source of greenhouse gas emissions (152)) as well as traffic 
(153) also contribute large shares to overall greenhouse gas 
emissions. Policies, strategies and planning for climate 
change mitigation should therefore strive to reduce these 
activities to the lowest level possible ( target 13.2). 
Conflicts: none. 

Goal 14. Conserve and sustainably use the oceans, seas and 
marine resources for sustainable development 
 

1 
2 
3 
4 
5 
6 
7 

1,0 
 
Compare AICHI BIODIVERSITY TARGET 6. 

Synergies: Considerable river sediment loads can result 
from road construction and erosion along roads (121). 
Runoff from subsequent development, such as logging in 
mountain areas (154), or agriculture, can also impact rivers 
and, finally, estuaries and near-coast marine waters ( target 
14.1). 
Conflicts: none. 
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Goal 15. Protect, restore and promote sustainable use of 
terrestrial ecosystems, sustainably manage forests, combat 
desertification, and halt and reverse land degradation and halt 
biodiversity loss 
 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1,0 
 
Compare AICHI BIODIVERSITY TARGETS 5, 11, 15, 12, 10. 

Synergies: The conservation of roadless areas represents an 
effective and inexpensive means to conserving terrestrial and 
inland freshwater biodiversity and ecosystem services ((2, 
4);  targets 15.1, 15.4, 15.5, 15.7, 15.8). This includes 
halting deforestation ((98);  targets 15.2) and combating 
desertification ((155);  targets 15.3). The inclusion of 
roadless areas would be a meaningful contribution to 
integrating ecosystem and biodiversity values into national 
and local planning as well as development processes, as is 
already the case in the United States of America and 
Germany ((2, 4);  targets 15.9). The present study 
demonstrates roadless areas are a tangible and transparent 
indicator for environmental accounting ( target 15.9). 
Conflicts: none. 

Goal 16. Promote peaceful and inclusive societies for sustainable 
development, provide access to justice for all and build effective, 
accountable and inclusive institutions at all levels 
 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1,0 
 
 

Synergies: Road development in the Brazilian Amazon is 
associated with an increase in homicide rate ((118);  target 
16.1). 

Conflicts: none. 

Goal 17. Strengthen the means of implementation and revitalize 
the global partnership for sustainable development 
 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

-1,0 
 
 
 

Synergies: none. 

Conflicts: Roads connect national economies (compare goal 
8) and thus facilitate import-export traffic across borders ( 
target 17.11), especially for landlocked regions or countries 
(156).  
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Table S11. Synergies and conflicts between conservation of roadless areas and the 
United Nations’ Aichi Strategic Goals and Biodiversity Targets. The color scheme 
indicates the level of synergy or conflict of goals and targets with roadless areas 
conservation (green: synergies prevail; grey: not applicable; yellow: ambivalent 
relationship). The numbers in insert boxes represent the conflict-synergy score of goals. 

 
Aichi Strategic Goals and Biodiversity Targets Brief analysis of synergies and conflicts between conservation of roadless 

areas and Aichi Biodiversity Targets 
Strategic Goal A: Address the underlying causes of biodiversity loss by mainstreaming biodiversity across government and 
society 

0,5 
 

Target 1. By 2020, at the latest, people are aware of the 
values of biodiversity and the steps they can take to 
conserve and use it sustainably. 
 
Compare Sustainable Development Goal 4. 

On the one hand, pristine ecosystems, such as they occur in roadless areas, 
are key for effective biodiversity conservation (2). In agreement with modern 
concepts of sustainable land use, such as in biosphere reserves, these 
ecosystems are an essential element of sustainable use of the overall 
landscape (157). Remote roadless areas provide opportunities for learning 
about natural ecosystems, i.e., wilderness (see goals B and C). On the other 
hand, roadless areas reduce accessibility of nature in general, thus making it 
more difficult to value biodiversity emotionally. 

Target 2. By 2020, at the latest, biodiversity values have 
been integrated into national and local development and 
poverty reduction strategies and planning processes and 
are being incorporated into national accounting, as 
appropriate, and reporting systems. 
 
Compare Sustainable Development Goals 9, 8, 1. 

While road infrastructure is related to economic growth and poverty 
alleviation (158, 159), it has a crucial impact on biodiversity loss (see goal 
C), which in turn is directly linked with poverty aggravation (160, 161). In 
remote areas inhabited mostly by indigenous or traditional people, road 
development may increase the spread of diseases, trigger conflicts over land 
and natural resources, and disrupt the traditional modes of production (which 
then have to compete with the global market), ultimately pushing these 
people towards poverty (117, 162). The role of road development on poverty 
alleviation is hence conflicting, which calls for a better planning integrating 
roadless areas prioritization for biodiversity maintenance towards poverty 
alleviation. 

Target 3. By 2020, at the latest, incentives, including 
subsidies, harmful to biodiversity are eliminated, phased 
out or reformed in order to minimize or avoid negative 
impacts, and positive incentives for the conservation and 
sustainable use of biodiversity are developed and 
applied, consistent and in harmony with the Convention 
and other relevant international obligations, taking into 
account national socio economic conditions. 

Road transport receives between one- and two-thirds of worldwide 
conventional subsidies that are harmful in the long run to both the economy 
and the environment (163). Road transport sector figures among the five 
most prominent sectors receiving such perverse subsidies (164). An 
outstanding example refers to road infrastructure subsidies in the Amazon 
that have led to cattle ranching, extensive deforestation and biodiversity loss 
(165). Alternatively, the integration of roadless areas into governmental 
policies could help in reducing and eliminating a substantial part of the 
harmful subsidies for the road transport sector. 

Target 4. By 2020, at the latest, Governments, business 
and stakeholders at all levels have taken steps to achieve 
or have implemented plans for sustainable production 
and consumption and have kept the impacts of use of 
natural resources well within safe ecological limits.  
 
Compare Sustainable Development Goal 12. 

Roadless areas, and relatively undisturbed areas in general, are of high 
resilience and ecosystem functionality (2). Conserving these areas therefore 
contributes to maximizing ecosystem functionality of the wider landscape - 
they are an essential element of its sustainable use (compare targets 1, 7).  
 

Strategic Goal B: Reduce the direct pressures on biodiversity and promote sustainable use 
0,8 

 

Target 5. By 2020, the rate of loss of all natural habitats, 
including forests, is at least halved and where feasible 
brought close to zero, and degradation and 
fragmentation is significantly reduced. 
 
Compare Sustainable Development Goal 15. 

Road development is a major driver of habitat loss and fragmentation (166). 
Roads act as barriers for species (167) and deforestation has been shown to 
increase along roads [(98), Table S2]. Conserving roadless areas therefore 
directly helps to achieve this target. 

Target 6. By 2020 all fish and invertebrate stocks and 
aquatic plants are managed and harvested sustainably, 
legally and applying ecosystem based approaches, so 
that overfishing is avoided, recovery plans and measures 
are in place for all depleted species, fisheries have no 
significant adverse impacts on threatened species and 
vulnerable ecosystems and the impacts of fisheries on 
stocks, species and ecosystems are within safe 

Roads facilitate the accessibility to remote terrestrial or freshwater 
ecosystems and increase the efficiency of natural resources exploitation and 
exportation, which are often depleted above their safe ecological limits (1). 
For instance, a single road construction has been reported to have severe 
effect to a lake trout population, due to improved access for fishermen (168). 
In addition, roads, their construction and traffic emit water pollutants (137, 
141). Similarly, road construction and roads can produce large sediment 
loads in rivers, particularly detrimental in wetlands and mountain areas. 
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ecological limits. 
 
Compare Sustainable Development Goals 14, 6, 3. 

Roads also open up a landscape for logging and agriculture, and resulting 
runoff equally enters rivers (154). Large part of this sediment ends up in 
estuaries and coastal waters. 

Target 7. By 2020 areas under agriculture, aquaculture 
and forestry are managed sustainably, ensuring 
conservation of biodiversity.  
 
Compare Sustainable Development Goal 2. 

On one side, roadless areas exclude certain types of local development and 
even sustainable land use. And to keep up with demand for natural resources, 
any additional roadless area may require the intensification of land use in 
developed areas. On the other side, conservation of functional ecosystems, as 
they are still found in roadless areas, is essential for the larger landscape to 
stay functional. From this perspective, the remaining roadless areas can be 
seen as key elements of sustainably managed landscapes (compare targets 1, 
4, 8).  

Target 8. By 2020, pollution, including from excess 
nutrients, has been brought to levels that are not 
detrimental to ecosystem function and biodiversity.  
 
Compare Sustainable Development Goals 6, 2. 

Agricultural intensification might be necessary to make up for setting aside 
roadless areas (compare target 7). This might lead to increased use of 
fertilizers and pollution. It should be noted, however, that in many 
developing countries in particular there is a large amount of degraded land 
that can be restored and replace set-asides. However, conservation of 
roadless areas as relatively pristine ecosystems are a cost-efficient way of 
maximizing the provisioning of regulating ecosystem services such as 
nutrient uptake and water purification (121). 

Target 9. By 2020, invasive alien species and pathways 
are identified and prioritized, priority species are 
controlled or eradicated, and measures are in place to 
manage pathways to prevent their introduction and 
establishment.  

Road density is a strong correlate of spatial patterns in biological invasions 
(146). Limiting road development in roadless areas can, therefore, help to 
directly reduce the spread of invasive species (Table S2). 

Target 10. By 2015, the multiple anthropogenic 
pressures on coral reefs, and other vulnerable 
ecosystems impacted by climate change or ocean 
acidification are minimized, so as to maintain their 
integrity and functioning. 
 
Compare Sustainable Development Goals 13, 15. 

Roadless areas often represent areas with large carbon pools and 
sequestration potential. Furthermore, they represent areas of high ecosystem 
functionality important for climate regulation and long-term climate change 
adaptation. The conservation of roadless areas, thus, helps to mitigate and 
adapt to the impacts of climate change (2, 4). Regarding marine ecosystems 
in particular, roadless areas prevent road-related sediment and agricultural 
runoff from impacting near-shore waters (compare target 6). 

Strategic Goal C: To improve the status of biodiversity by safeguarding ecosystems, species and genetic diversity 
0,3 

 

Target 11. By 2020, at least 17 per cent of terrestrial and 
inland water, and 10 per cent of coastal and marine 
areas, especially areas of particular importance for 
biodiversity and ecosystem services, are conserved 
through effectively and equitably managed, ecologically 
representative and well connected systems of protected 
areas and other effective area-based conservation 
measures, and integrated into the wider landscapes and 
seascapes.  
 
Compare Sustainable Development Goal 15. 

The conservation of roadless areas directly contributes to the conservation of 
valuable terrestrial ecosystems for biodiversity conservation. These areas 
also typically provide a wide array of ecosystem services, especially 
regulating services, and do this in large quantities. Furthermore, the 
conservation of these unfragmented and pristine areas directly contributes to 
the target of increasing connectivity. Conservation of the functionality of the 
watershed is highly dependent on the preservation of vegetation cover (169), 
which benefits from conservation of roadless areas. 
 

Target 12. By 2020 the extinction of known threatened 
species has been prevented and their conservation 
status, particularly of those most in decline, has been 
improved and sustained. 
 
Compare Sustainable Development Goal 15. 

Threatened species typical of anthropogenically disturbed ecosystems, such 
as old cultural landscapes in Europe and elsewhere, depend on certain semi-
intensive, often historical, land use regimes (170). Therefore, in human-
modified landscapes, the conservation of roadless areas in cases may be 
found little useful, or even counterproductive, to the target of improving the 
conservation status of some species. At the same time, other species (e.g., 
some amphibians) may experience reduced mortality in the absence of roads. 
After all, most threatened species are endangered by man-made loss of 
pristine ecosystems (171). Roadless areas can retain populations of 
threatened species, supporting the native flora and fauna and buffering 
changes in the environmental conditions. Roadless areas which are large 
enough to host source populations can then serve as the origin for 
recolonization of areas where threatened species had disappeared (172). 

Target 13. By 2020, the genetic diversity of cultivated 
plants and farmed and domesticated animals and of wild 
relatives, including other socio-economically as well as 
culturally valuable species, is maintained, and strategies 
have been developed and implemented for minimizing 
genetic erosion and safeguarding their genetic diversity.  

For one thing, on-farm conservation and use of cultivated species often 
requires the application of rather extensive agricultural practices (173). This 
could lead to competition for area between the conservation of roadless areas 
and more extensive agricultural practices for the preservation of the diversity 
of cultivated plants and animals. Then again, wild relatives of domesticated 
plant and animal species can often only be found in pristine natural areas 
(174).  

Strategic Goal D: Enhance the benefits to all from biodiversity and ecosystem services 
1,0 

 

Target 14. By 2020, ecosystems that provide essential 
services, including services related to water, and 

Functional ecosystems, as they exist in roadless areas, provide large 
quantities of many ecosystem services, especially of regulating services. 
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contribute to health, livelihoods and well-being, are 
restored and safeguarded, taking into account the needs 
of women, indigenous and local communities, and the 
poor and vulnerable. 
 
Compare Sustainable Development Goals 6, 11, 1, 2, 3, 
13. 

They effectively reduce human exposure to extreme environmental events 
[e.g., fires, (122)]. Remote areas are often also of high value especially to 
indigenous and traditional people (117). Remote areas also provide vital 
ecosystem services to poor city dwellers, such as purification and stable 
provisioning of water (121). 

Target 15. By 2020, ecosystem resilience and the 
contribution of biodiversity to carbon stocks has been 
enhanced, through conservation and restoration, 
including restoration of at least 15 per cent of degraded 
ecosystems, thereby contributing to climate change 
mitigation and adaptation and to combating 
desertification.  
 
Compare Sustainable Development Goals 15, 13.  

Roadless areas comprise relatively little disturbed areas. Many of these 
harbor large carbon pools and sinks, e.g., peatlands and intact forests in 
tropical and boreal regions (175). Furthermore, they provide many regulating 
ecosystem services and high ecosystem functionality and are, therefore, 
crucial for ecosystem-based adaptation to climate change (see above targets 
1, 4, 7). They also provide a natural buffer against increasing desertification 
through maintenance of vegetation cover (155). 

Target 16. By 2015, the Nagoya Protocol on Access to Genetic Resources and the Fair and Equitable Sharing of Benefits Arising from 
their Utilization is in force and operational, consistent with national legislation.  
Strategic Goal E: Enhance implementation through participatory planning, knowledge management and capacity building  

1,0 
 

Target 17. By 2015 each Party has developed, adopted as a policy instrument, and has commenced implementing an effective, 
participatory and updated national biodiversity strategy and action plan.  
Target 18. By 2020, the traditional knowledge, 
innovations and practices of indigenous and local 
communities relevant for the conservation and 
sustainable use of biodiversity, and their customary use 
of biological resources, are respected, subject to 
national legislation and relevant international 
obligations, and fully integrated and reflected in the 
implementation of the Convention with the full and 
effective participation of indigenous and local 
communities, at all relevant levels.  

Indigenous communities are most vulnerable to the impacts of road 
development. Road construction in former roadless areas can cause 
traditional environmental knowledge loss and even a depopulation of 
indigenous communities (176). Indigenous people may lose their land (177), 
or use it less after road construction (178), benefit less from biological 
resources and face an alteration of traditional roles and practices (179). 
  

Target 19. By 2020, knowledge, the science base and 
technologies relating to biodiversity, its values, 
functioning, status and trends, and the consequences of 
its loss, are improved, widely shared and transferred, 
and applied. 

Natural ecosystems, as they still exist in remote roadless areas, are unique 
learning sites not only for education (see above target 1). They also provide 
important insights into ecosystem properties and processes such as biomass 
stocks, ecological dynamics, or resistance and resilience to natural 
disturbances (180). 

Target 20. By 2020, at the latest, the mobilization of financial resources for effectively implementing the Strategic Plan for Biodiversity 
2011-2020 from all sources, and in accordance with the consolidated and agreed process in the Strategy for Resource Mobilization, 
should increase substantially from the current levels. This target will be subject to changes contingent to resource needs assessments to 
be developed and reported by Parties.  
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Measuring Forest Carbon: Strengths
and Weaknesses of Available Tools
Key Points

• Emerging policies to mitigate
emissions of greenhouse gases,
particularly carbon dioxide,
together with widespread
recognition of the important role
of forests in the global carbon
budget, have created a need to
evaluate the carbon stored in
forests and the changes in those
stores over time.

• Tools available for estimating
carbon stores in U.S. forests
include four developed by the
USDA Forest Service - General
Technical Report NE-343 (GTR
NE-343), the Carbon Calculation
Tool (CCT), the Carbon On-Line
Estimator (COLE), and the Forest
Vegetation Simulator (FVS). 

• These tools are appropriate for
coarse-scale comparisons of forest
carbon storage across large regions.
For example, these tools reveal

that public forestlands tend to
store more carbon than private,
and that forestland reserved from
harvest tends to store more than
non-reserved land.

• These tools use the best available
information, provide ready public
access, and several allow for
frequent updates using the most
recent surveys. However, users
need to be aware of several
important limitations that are not
readily apparent in all four
available tools:
1. These tools have been based

largely on Forest Inventory and
Analysis (FIA) data, which was
initially developed to measure
merchantable timber volumes
and provides no direct
measurements for many
important forest carbon pools.

2. Available measures cannot
reliably estimate year-by-year

With increasing attention to climate change, there is growing recognition of the capacity of forests to
store vast amounts of carbon, and a growing need to measure these stores accurately.  Techniques
range from site-specific data collection (as in this photo from Howland Research Forest in Maine), to
broad regional and national carbon estimates.
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additions to forest carbon
stores, due to estimation errors
and data gaps.

3. The tools provide estimates for
the recent past, but cannot be
used to assess the potential for
increasing future carbon
storage in U.S. forests.

4. Estimates may be too low for
carbon stored in old-growth
forests, which differ in several
important respects from mature
second-growth.

5. These tools lack adequate
precision for documenting
sequestration for forest carbon
offset projects; field sampling is
critical for such projects.

• New FIA survey methods will
eventually provide data for some of
the non-tree pools and ensure
more consistent coverage
nationwide.  Unfortunately, at the
current pace and given limited
funding it will be many years
before complete coverage is
available for these new measures.

• Given incomplete information
about forest carbon, climate
change policies should focus
primarily on direct emissions
reductions.  Rather than rely on
uncertain carbon accounting to
mitigate climate change, forest
carbon should be protected as a
natural asset along with the many
other important services that
healthy forests provide – from
clean water to wildlife habitat.  

Forest Carbon Accounting
Since the 1990’s, when global climate

change was increasingly accepted as a
reality, policy-makers at every level -
from states to international agreements -
have recognized the importance of
forests in the global carbon cycle.
Whether the focus is on preventing
deforestation in the tropics, or on forest
restoration in the Mississippi Delta, there
is a growing consensus that protecting
forestland and enhancing its carbon
stores will be an important component of
any attempt to mitigate climate change.

The past fifteen years have seen a
multitude of climate change activities
that rely upon information about forest
carbon budgets.

• The United States signed the
United Nations Framework
Convention on Climate Change
in 1992.  Although we never
signed the follow-up Kyoto
Protocol, we do comply with this
convention by reporting
greenhouse gas emissions through
the Environmental Protection
Agency’s Inventory of U.S.
Greenhouse Gas Emissions and
Sinks. The USDA Forest Service
provides forest carbon estimates
(including carbon stored in wood
products in use and in landfills) for
the “Land Use, Land Use Change
and Forestry” section of this
annual report.

• The U.S. Department of Energy
Registry for Voluntary Reporting
of Greenhouse Gases (called
1605(b) for provisions in the
Energy Policy Act of 1992 that
established the program) provides
a national-level mechanism for
voluntary reporting of emissions
and sequestration projects.
Because forest carbon pools tend
to change slowly, and because
direct sampling is costly, DOE

FOREST CARBON ESTIMATES

To help users understand both the potential and the limitations
of these tools, this report will explain four carbon measurement
tools, illustrate their use through selected examples, and point
out likely gaps or inaccuracies that may be remedied in the
future by planned improvements in data collection and
research.
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allows registry entrants to use
look-up tables or models to
estimate carbon stocks.  USDA
Forest Service tools provide some
of these tables and models as well.

• In the absence of national action,
regions and states have proposed
strategies to reduce emissions or
increase sequestration (often
including forest offsets).  The
Regional Greenhouse Gas
Initiative (RGGI), a cap-and-trade
emissions reduction system
scheduled for implementation in
the northeastern U.S. in 2009,
requires field sampling every five
years for forest offset projects.  The
RGGI model rule does not
recommend specific models or
look-up tables as tools to estimate
carbon stocks between sampling
dates, but it does refer to the DOE
1605(b) standards.

• The California Climate Action
Registry Forest Project protocol
allows use of models, both to
establish baselines and to predict
additional carbon stores resulting
from an offset project.  Recognizing
that models are imperfect
reflections of a particular forest’s
condition, however, the Protocol
requires periodic sampling at least
every 12 years to verify that model
predictions are accurate.

These efforts and many others require
accurate assessment of the magnitude of
forest carbon stores and their response
to management actions over time.
Highly precise measurements would
require cutting down trees, digging up
roots, collecting rotten logs and
understory vegetation, extracting

carbon from soils, etc., so carbon
accounting necessarily relies on
estimates.  Estimates based on field
sampling would be the next best
alternative, but at a national level
direct sampling across all regions and
forest types and management regimes
would be a daunting task.  Hence,
researchers have fallen back on existing
national timber inventories to
approximate forest carbon pools.  As
the United States moves toward
regulation of greenhouse gas emissions,
and possibly trading of forest carbon
credits as offsets to industrial and
transport emissions, it is important for
policy-makers to understand the
appropriate uses and the limitations of
current carbon accounting tools.

Carbon Measurement Tools
Working from data designed primarily

to track timber supplies, Forest Service
researchers have patched together the
available information and have begun to
provide carbon estimation tools to the
general public via published reports and
user-friendly web access.1 These tools
represent an important step toward a bet-
ter understanding of forest carbon storage,
and can be used to make broad compar-
isons across large regions.  However, they
lack the calibration and resolution
required for purposes of registering or sell-
ing carbon credits.2 These tools are also
limited to estimating current conditions;
they do not provide information about
the maximum capacity of our forests to
accumulate additional carbon given ade-
quate protection and restoration.

To help users understand both the
potential and the limitations of these
tools, this report will explain four tools,
developed by the USDA Forest Service,

1 These tools are described and made available on a USDA Forest Service Northern Research
Station web page at http://nrs.fs.fed.us/carbon/tools/

2 A recently-released guide, GTR NRS-18 (Pearson et al, 2007) provides a detailed protocol
for measuring carbon sequestration for individual projects submitted to a registry or offered
for sale as offsets.
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illustrate their use through selected
examples, and point out likely gaps or
inaccuracies that may be remedied in the
future by planned improvements in data
collection and research.

General Technical Report NE-343
The report titled Methods for

Calculating Forest Ecosystem and
Harvested Carbon with Standard
Estimates for Forest Types of the United
States (Smith et al, 2006) provides a
quick and inexpensive approach for
estimating ccaarrbboonn ssttoocckkss ffoorr sseelleecctteedd
ccaarrbboonn ppoooollss bbyy ssttaanndd aaggee.

• Data include carbon density esti-
mates (tons per acre or hectare) by
stand age for six forest carbon
pools3 (above- and below-ground
tree carbon are combined).

• Separate tables provide values for
common forest types in each
region, and for stands established
on previously forested land

(reforestation) or stands planted on
non-forested land (afforestation).
This distinction allows users to
better estimate existing levels of
forest floor and soil carbon, which
will be higher initially on
previously forested land.

• Report tables predict growing stock
volume per acre from forest growth
models, and convert growing stock
to live and standing dead tree
biomass using generalized
equations.  Other carbon pools
(down dead trees, understory, and
forest floor) are based on general
relationships to growing stock, live
tree carbon density, or stand age,
with some of these relationships
developed from a selection of FIA
data and others from surveys of
studies in the literature.  This
group of relationships is often
referred to as FORCARB2.

• Users select the table for the
region and forest type of interest
and calculate total forest carbon by
multiplying the appropriate
density factor(s) by the acreages in
each stand age and forest type.
Annual accumulations of carbon
can be approximated by
subtracting older stand ages from
current stand ages and calculating
average increase per year.  Due to
uncertainties associated with all
estimated pools, the accuracy of
the results cannot be readily
determined.

• Stand age is poorly defined for
uneven-aged stands in areas where
stand replacing disturbances are
rare, which limits the applicability
of these tables and the COLE
tables by stand age described
below.  Differences in down dead,
forest floor, and soil carbon for

FOREST CARBON ESTIMATES

3 Pools are portions of the carbon stock that are physically separate and that play distinct
roles in the carbon cycle.  Definitions of forest carbon pools are mostly consistent among
the tools reviewed here, though some combine or omit pools.

Forest Carbon Measurement Tools

General Technical Report NE-343
• Carbon per acre in forest pools by stand age and forest type for large

regions
• Carbon in wood products

Carbon Calculation Tool
• Total carbon in forest pools for states and U.S. by year after 1990
• Hectares of forestland and timberland for states and U.S. by year after

1990
• Change in carbon stock by year

Carbon On-Line Estimator
• Carbon per hectare in forest pools by stand age and forest type for

selected area

Forest Vegetation Simulator
• Carbon in forest pools based on field inventory for specific parcels
• Projected carbon stores based on predicted growth, mortality, harvest,

and disturbances
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reforested and afforested stands are
based on general assumptions and
little data.

• This report also provides estimates
of carbon stored in wood products,
and decomposition rates over time,
based on harvest volumes.  Wood
products carbon storage is a
complex and controversial topic
beyond the scope of this paper.

• This tool should be used for
individual properties only as a
decision tool to determine very
roughly how much carbon is
present and how much might
accumulate in the future.  It can be
applied across broader regions with
a bit more confidence, since the
full range of variation within large
regions will be reflected in growth
equations and the FIA samples on
which predictions are based.

Carbon Calculation Tool (CCT)
This tool provides annual estimates of

ssttaattee ttoo nnaattiioonnaall ccaarrbboonn ssttoocckkss aanndd fflluuxx4

from 1990 through the present for seven
major forest carbon pools (above and
below ground tree carbon are estimated
separately).  It also provides acres of
forestland and timberland, and volume of
growing stock on timberland5.

• CCT uses past and current Forest
Inventory and Analysis (FIA)
surveys for each state as raw data
and automates the process of
updating data files as new surveys
are completed.

• It also uses allometric equations to
estimate carbon content of
individual trees measured on each
FIA plot, applies a series of

equations to estimate non-tree
carbon pools based on estimated
biomass on each FIA plot, and
aggregates plot-level estimates to
state level using plot expansion
factors.  CCT uses basic soil survey
information to provide soil carbon
estimates.

• It calculates a rough estimate of
flux by assuming uniform average
annual changes between
known survey dates and
applying those rates of change
to earlier or later years.

• This tool may be useful for
states or the nation to track
forest carbon inventories at a
broad landscape scale.  It
makes use of the newest
available sampling data, though
data for some plots will still be
up to 10 years out-of-date.

Carbon On-Line Estimator (COLE)
This online tool provides ffoorreesstt

ccaarrbboonn ddeennssiittyy eessttiimmaatteess ffoorr aarreeaass aass
ssmmaallll aass ssiinnggllee ccoouunnttiieess within the
continental Unites States for six
carbon pools by stand age (similar to
GTR NE-343 tables).

• Output tables present estimates by
stand age for a selected region
down to a single county, for all
forests and for common forest
types.  It also provides mean values
for the six carbon pools for each
distinct forest type across the
region, without separating into age
classes.

• The user chooses filters from a set
of FIA variables measured in all

4 Stock is the total quantity of carbon stored at any one time. Flux is the change in the stock
from one time period to the next (often a year).

5 Forestland includes all land at least 10% stocked with trees, or land formerly forested and
not converted to other uses.  Timberland is more narrowly defined as forestland that is not
reserved from harvest activities and that is capable of growing at least 20 cubic feet per acre
per year.  Growing stock is trees at least 5 inches in diameter of commercially valuable
species and form.

Santa Fe National Forest. 
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state surveys or that could be
reconstructed from known
variables (e.g. state/county,
ownership; forest type; stand age;
stand size; productivity class;
reserved status, etc.).

• Estimates by age class are
developed by fitting equations to
the underlying data for the
selected FIA plots.  These data are
themselves estimates based on
limited field measurements.
Individual tree biomass, for
instance, is computed by FIA
based on region-specific equations
that convert diameter and height
to biomass.  Methods to calculate
individual plot data for non-tree
pools are similar to those used to
create the GTR NE-343 tables and
CCT estimates.

• Like the CCT tables, underlying
data can be updated and new
equations estimated as new FIA
plots are entered into the on-line
FIA database.

• COLE tables are used similarly to
the GTR NE-343 tables, although
COLE allows filtering by several
additional variables beyond region
and forest type.  (For instance, a
user could estimate total carbon
stored on National Forests in a
state, by multiplying acreages of
that state’s National Forests for
each stand age or forest type by
corresponding carbon densities.)

• This tool is still evolving.
Theoretically, it can provide
estimates that better fit the
characteristics of individual forested
properties.  Since real forests
seldom fit neat categories, the
filtering is only as good as field staff
classifications by forest type, stand
age, etc.  Filtering is also limited
by the need for at least 20 plots to
fit equations, and the assumed
form of fitted equations produces

some quirky results (see Methods
and Limitations of Carbon
Measurement Tools below).

Forest Vegetation Simulator (FVS)
Originally developed to estimate tree

growth and yield, FVS is a complex
model that can be optimized for site-
specific conditions.  It can produce ssttoocckk
aanndd fflluuxx eessttiimmaatteess aatt tthhee ssttaanndd lleevveell.

• The tool combines the Forest
Vegetation Simulator (FVS), a
national growth model with
regional variants, with some of the
same methods as GTR NE-343,
CCT and COLE to derive current
and projected carbon storage
estimates.

• FVS creates stand-level carbon
stock estimates for eight pools:
above- and below-ground live and
dead tree biomass, down dead
wood, forest floor litter, duff, and
herbs and shrubs.

• The user must enter a few stand-
and tree-specific data, then can
choose to apply the default
volume-based method or
generalized biomass equations to
estimate carbon pools, similar to
those used in CCT and COLE.
Users may enter additional site-
specific data to improve estimates.

• This tool may be used to simulate
changes in carbon stocks
associated with prescribed fire or
other management actions, to
track the fate of carbon removed
during harvest, and to assess how
strategies to build carbon will
affect other important forest
conditions.  See Methods and
Limitations of Carbon
Measurement Tools for caveats.

• It can be used to roughly estimate
changes in carbon stocks or flux by
calculating differences in stand
carbon stocks between years.

FOREST CARBON ESTIMATES
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FFIIGGUURREE 11..
Total Forest Carbon, Forestland Acres, and Carbon Density by State in 2007
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Sample Tool Applications
COLE, CCT and GTR NE-343 are the

tools most likely to be used by the public
in assessing forest carbon stocks.  Due to
the coarse scale of the FIA data upon
which they are built and the generalized
equations which are used to estimate
pools for which no data has been
collected, these tools are best used for
estimating regional (multi-county) or
state level carbon stocks.  Fluxes should
be estimated only at time intervals which

are appropriate to FIA sampling
intervals.

The following examples illustrate how
CCT and COLE can be used to make
some general comparisons of carbon
stores by state, by pool within the forest
ecosystem, and by ownership. (Data for
Alaska and Hawaii are so incomplete
that even broad estimates are not yet
available.)

6 CO2e stands for “carbon dioxide equivalent”, a generally accepted measure for greenhouse
gases.  Multiplying the mass of carbon by 3.667 yields CO2e.
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State Level Carbon Accounting
UU..SS.. ffoorreessttss ssttoorree vvaasstt aammoouunnttss ooff ccaarrbboonn,,

ppaarrttiiccuullaarrllyy iinn ssttaatteess wwiitthh mmaannyy ffoorreesstteedd
aaccrreess aanndd hhiigghh lleevveellss ooff ccaarrbboonn ppeerr aaccrree..
Any national-scale effort to increase car-
bon sequestration in forests will likely
focus on states with the most forestland
and/or greatest potential carbon density
(CO2e6 storage per acre).  Twelve states
(left-hand chart in Figure 1) currently
hold over 50% of the approximately 153
billion metric tons of CO2e stored by
forests in the contiguous United States.
Some states are important because they
have many forested acres (middle chart
in Figure 1), while others (right-hand
chart in Figure 1) have high forest carbon
densities.  It is not possible to assess the
uncertainty of these estimates, and so the
potential for large variation and error
should be noted.

To put these numbers in perspective,
the EPA estimated that total U.S. green-
house gas emissions were 7,260 million
metric tons CO2e in 2005.

Regional Carbon by Pool
TThhee ddiissttrriibbuuttiioonn ooff ccaarrbboonn aammoonngg ffoorreesstt

ppoooollss vvaarriieess wwiiddeellyy aaccrroossss tthhee llaannddssccaappee,,
bbuutt iinn ggeenneerraall tthhee aammoouunntt ooff ccaarrbboonn ssttoorreedd

aabboovvee--ggrroouunndd iinn lliivvee ttrreeeess –– tthhee ppooooll wwee
ccaann mmeeaassuurree wwiitthh mmoosstt ccoonnffiiddeennccee -- iiss lleessss
tthhaann hhaallff tthhee ttoottaall..  Landscape and cli-
matic conditions affect the distribution
of carbon among forest ecosystem pools
(Figure 2).  Wetter regions tend to fix
carbon faster than drier ones, with a sig-
nificant portion stored in live trees.
Cooler regions - though they have a
shorter growing season - also break car-
bon compounds down more slowly,
allowing them to accumulate - particu-
larly in soils, litter, and dead wood.

The Forest Service’s nationwide FIA
data provide a fairly good understanding of
“growing stock” (volume of commercially
valuable trees), which is closely correlated
with above-ground live tree carbon.  From
this basic information, the other carbon
pools – pools that together make up
more than half of forest carbon stores -
are estimated.  Growth models predict
the responses of live tree volume to man-
agement actions (though climate change
could make their predictions less reliable).
Very little is known about how other car-
bon pools respond to management.

Regional Carbon by Ownership
OOnn aavveerraaggee,, ppuubblliicc ffoorreessttllaannddss aappppeeaarr ttoo

hhoolldd mmoorree ccaarrbboonn ppeerr aaccrree tthhaann
pprriivvaattee.. Figure 3 indicates the
density of carbon stores on pub-
lic and private lands across five
regions as defined in COLE.
Note that densities are calculat-

7 For consistency, this chart uses
regions as defined in COLE.
PPaacciiffiicc WWeesstt includes CA, OR
and WA.  IInntteerriioorr WWeesstt includes
ID, MT, WY, NV, UT, CO, AZ
and NM. NNoorrtthh CCeennttrraall includes
ND, SD, NE, KS, MN, IA,
MO, WI, IL, MI, IN.  SSoouutthheerrnn
includes TX, OK, AR, LA,
MS, AL, KY, TN, VA, NC,
SC, GA, and FL.  NNoorrtthheeaasstt
includes OH, WV, MD, DE,
PA, NJ, NY, CT, RI, MA, VT,
NH and ME.

FFIIGGUURREE 22..

Carbon Density by Forest Pool and Region7

Source: Carbon Calculation Tool
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ed across all acres classified as
forestland; public lands in many
states include some high-alti-
tude or dry areas with low car-
bon stores.

Regional Carbon by Reserve
Status

RReesseerrvveedd ffoorreessttllaannddss ttyyppiiccaallllyy
hhoolldd mmoorree ccaarrbboonn ppeerr aaccrree tthhaann
nnoonn--rreesseerrvveedd llaannddss8.  Figure 4
shows average carbon density by
reserved status for five regions.
Since many reserved areas are at
high altitude or in dry or wet
areas that are inherently low in
biomass, this comparison does
not fully capture the potential
for reserved productive forest-
land to accumulate large stores
of carbon.  Where reserved
forests support old growth, these
figures likely underestimate car-
bon density (see Carbon Esti-
mation Issues for Older Forests).

Methods and Limitations
of Carbon Measurement
Tools

Direct measurement of forest
carbon stocks would require
cutting down trees, digging up
roots, sifting soils for debris,
oven-drying and weighing all
material, etc.  Since complete
measurement is impossible, databases
such as FIA collect easily-measured data
such as tree diameter and height, then
use equations to translate these
parameters into approximate tree
volume and other measures.  Because
they are readily available and cover
forestlands nationwide, FIA surveys
provide the basic raw data from which
most national carbon estimates are

derived.  Each one-acre FIA sample plot
represents about 6,000 forested acres,
and over the past several decades
resampling has occurred at 5-15 year
intervals for most states.  Future surveys
will be done on an annual basis, which
will improve flux estimates.

Some general limitations apply to all
national estimates of forest carbon:

8 Reserved forestlands, as defined by FIA, are those where timber harvest is prohibited
through statute or administrative designation. Examples include National Forest wilderness
areas and National Parks and Monuments.

FFIIGGUURREE 33..
Carbon Density by Region and Ownership

Source: Carbon On-Line Estimator

FFIIGGUURREE 44..
Carbon Density by Region and Reserved Status

Source: Carbon On-Line Estimator
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• TThhee ppoooollss tthhaatt ssttoorree tthhee mmoosstt ccaarrbboonn
aarree cchhaarraacctteerriizzeedd wwiitthh tthhee lleeaasstt ddaattaa..
FIA surveys were originally
designed to track commercial
timber supplies, not carbon, so data
on below-ground biomass, non-
merchantable above-ground
biomass, standing and down dead
wood, forest floor, and soil carbon
have not been consistently
collected.  Estimates for these pools
use general relationships gleaned
from various research studies across
the country to predict carbon
amounts from just a few direct
measurements – species, diameter,
and cull or dead status for trees, and
region, forest type, and stand age
for plots.  Some forest types and
carbon pools (generally the more
valuable timber resources) have
been intensively studied, while
others of minor economic value are
relatively little known.

• MMooddeell aassssuummppttiioonnss ssttrroonnggllyy
iinnfflluueennccee eessttiimmaatteess.. Both COLE
and the GTR NE-343 tables are
based on even-age forests.  The
differences between reforestation
(new forest established after the
previous stand was removed by
harvest or disturbance) and
afforestation (new forest on
previously cleared land) are based
on very little real data.  Clearcuts
and stand-replacing natural
disturbances have very different
carbon implications, but both
would be approximated by
reforestation tables.  These models
are also not very helpful for

estimating carbon stocks on
uneven-age forests.

• TThhee uunncceerrttaaiinnttyy ooff ssttoocckk eessttiimmaatteess iiss
mmuucchh llaarrggeerr tthhaann tthhee eessttiimmaatteedd yyeeaarr--
ttoo--yyeeaarr cchhaannggee iinn ssttoocckk.. Annual
removals of carbon dioxide from
the atmosphere by U.S. forests are
of great interest for their potential
to offset current emissions from
other sources.  These flux
estimates can be derived from
changes in stocks over time.  The
uncertainty of stock estimates
produced by the tools described
here makes it impossible to predict
the true magnitude of annual
forest sequestration flux.
According to CCT estimates,
annual additions to forest carbon
stores nationwide are less than
0.4% of total stores, while the
uncertainty in estimating stores far
exceeds 0.4%.  Thus, these data
cannot reliably determine the
extent to which U.S. forests
actually offset emissions.

• TTiimmee llaaggss bbeettwweeeenn FFIIAA ssaammpplliinngg aallssoo
mmaakkee iitt ddiiffffiiccuulltt ttoo eessttiimmaattee ccaarrbboonn
fflluuxx.. Carbon stocks for years
between periodic FIA inventory
dates are interpolated assuming
constant rates of change.  This
approach tends to produce flux
estimates that are constant for
several years, then make sudden
jumps as new survey data become
available.  Recently instituted
annualized surveys will improve this
situation, but only a few selected
plots are sampled each year, and
because estimates roll together

FOREST CARBON ESTIMATES

9 An example from the Department of Energy’s 1605b registry illustrates why this is impor-
tant.  The registry employs a rating system to indicate the accuracy of sequestration esti-
mates (“A” most accurate, “D” least) and a “B” rating is required to register reductions in
GHG emissions.  The COLE tool receives an “A” rating if “validated with data specific to
the site conditions and management practices”, or a “B” rating with no direct data collec-
tion (US DOE, 2007).  The 1605b technical appendix for Forestry indicates that a “B” rat-
ing requires estimates within 20% of the true value with 95% confidence, a standard that
COLE cannot meet.
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TTAABBLLEE 11..
Estimation Methods and Limitations by Forest Carbon Pool

Forest Carbon Pool Estimation Methods Limitations

Above ground
live tree

Data input are limited to FIA plots, which lack adequate
numbers to develop precise estimates for less abundant
forest types and conditions (e.g. old growth).

Allometric equations are scarce for large-diameter trees,
particularly hardwoods.  Biomass reductions for cull
trees are also quite uncertain (Smith et al, 2003).

FVS and ATLAS models are by necessity based on his-
toric forest growth over a relatively short time period.
Future forest growth may change dramatically with cli-
mate.  Species will probably differ in growth responses
to CO2 enrichment, changing competitive advantages
and species mix.  Pests, diseases, and extreme weather
events have already increased the pace and severity of
“natural” disturbance in many locations.

GGTTRR NNEE--334433:: Growing stock from Aggregate Timber-
land Assessment Model (ATLAS) model, converted to
carbon using stand-level biomass equations.

CCCCTT:: Individual tree biomass estimated from FIA tree
data using allometric equations, scaled up to plot (plot
data used directly when tree data unavailable), expand-
ed to state totals.

COOLLEE:: Biomass from DRYBIOT field in FIA database
(calculated from individual tree diameter and sometimes
height), scaled up to plot.  (Similar to CCT but allometric
equations vary with FIA survey).  Growth equation fitted
to selected plots to produce values by stand age.

FFVVSS:: Current inventory entered by user, future tree bio-
mass predicted from regional growth/mortality equa-
tions and input management and disturbances.

Below-ground
live tree

Measuring tree roots of various species and sizes is an
expensive and difficult process, so few studies are avail-
able to develop accurate estimates.

Definitions of root biomass vary among studies, thus
data used to develop equations to predict belowground
biomass may be based on a combination of coarse and
fine roots at varying depths.

GGTTRR NNEE--334433:: Not estimated separately.

CCCCTT:: Allometric equations are applied to tree data when
available, otherwise to plot values.

CCOOLLEE:: Not estimated separately.

FFVVSS:: Determined from available allometric equations,
then converted to proportion of aboveground biomass.
Proportions modeled as functions of inverse diameter to
reach asymptote for large trees.

several years of data they will
always lag reality by several years.

• IInnaaccccuurraattee sseeqquueessttrraattiioonn mmeeaassuurreess
mmaayy lleeaadd ttoo aann uunnddeerreessttiimmaattee ooff tthhee
nnaattiioonn’’ss ggrreeeennhhoouussee ggaass ffoooottpprriinntt..
Measurement errors matter when
carbon flux is reported in
voluntary registries, and even more
so when offsets are marketed.
Errors compounded from multiple
steps and assumptions are
extremely difficult to characterize.
COLE tables by stand age, for

instance, provide error estimates
that indicate how well equations
fit the input data.  Remembering
that the input data are themselves
estimated from FIA plot or tree
variables, and have their own
estimation errors, the magnitude of
the compounded errors is likely to
be quite large but is entirely
unattributed.9

Table 1 summarizes the methods and
limitations specific to each tool and each
carbon pool.
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TTAABBLLEE 11..
Estimation Methods and Limitations by Forest Carbon Pool

Forest Carbon Pool Estimation Methods Limitations

Standing dead GGTTRR NNEE--334433:: Equation related to live growing stock (by
region and forest type), based on subset of FIA plots
that measure standing dead trees.

CCCCTT:: Modified versions of GTR NE-343 equations
(standing dead FIA data inconsistent).

CCOOLLEE:: Individual plot values from FIA database; growth
equation fitted to selected plots to produce values by
stand age.

FFVVSS:: Growth models predict mortality that creates snags
and falling or decaying of snags.

There is even greater variation in dead tree biomass
and carbon density across sample plots than the varia-
tion for live trees (see Figure 5 below).  With inadequate
data to characterize dead trees in most past FIA sur-
veys, the equations cannot accurately predict this pool
from live tree biomass.  

COLE currently uses standing dead tree measures direct-
ly from the FIA database, without correcting for missing
or inconsistent data.

GTR NE-343 and COLE equations by stand age set this
value to zero at a stand age of zero for both afforesta-
tion and reforestation tables.  This assumption may be
appropriate for an intensively manage forest, but would
not be appropriate for stands regenerating after natural
disturbances.

FFIIGGUURREE 55..
Equations and Sample Points Relating 

Standing Dead Tree Biomass to Growing Stock

Estimated mass density of live and standing dead trees
in PWW Douglas-fir forests on publicly owned land. 

Source: Smith et al, 2003.
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Understory GGTTRR NNEE--334433:: Nonlinear equation related to live tree
carbon density (by region and forest type).  Maximum
values set at about 2 to 5% of live tree carbon for low
tree volumes, declining for higher tree volumes.

CCCCTT:: Similar to GTR NE-343

CCOOLLEE:: Same as above for individual plot values; equa-
tion fitted to selected plots to produce values by stand
age.

FFVVSS:: COVER extension models canopy to predict under-
story growth conditions and estimate understory bio-
mass.  Equations based on limited forest types within 40
years of disturbance.

Understory measurements are only just beginning for
FIA surveys, so few data are available to assess this
pool.

Since the understory holds such a small percentage of
total forest carbon, researchers conclude that intensive
investigation would not be productive.
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TTAABBLLEE 11..
Estimation Methods and Limitations by Forest Carbon Pool

Forest Carbon Pool Estimation Methods Limitations

Down dead

Forest floor

Soil

GGTTRR NNEE--334433:: Ratios of down-dead to live-tree carbon
density (by region and forest type).  Reforestation tables
adjust for a pulse of forest floor and down dead wood
post-harvest.

CCCCTT:: Similar to GTR NE-343.

CCOOLLEE:: Same as above for individual plot values; equa-
tion fitted to selected plots to produce values by stand
age, adjusted for reforestation tables to reflect higher
levels after disturbance.

FFVVSS:: Growth models predict mortality and subsequent
toppling and decay.

Due to great variation in biomass and carbon density in
down dead trees, this pool cannot be accurately charac-
terized by generic equations.  It has been measured
only very sporadically by FIA surveys in particular
states.

Down dead wood varies considerably by forest stand,
and is particularly prevalent in old growth forests which
are represented by very few FIA plots.

Reforestation assumptions do not reflect differences in
harvest practice (e.g.whole-tree vs. cut-to-length), nor
are they likely to describe natural disturbances.

GGTTRR NNEE--334433:: Equations (by region and forest type) pre-
dict net accumulation by stand age up to a maximum.
Decay of extra deposits after disturbance estimated sep-
arately for reforestation tables.

CCCCTT:: Similar to GTR NE-343.

CCOOLLEE:: Same as above for individual plot values; equa-
tion fitted to selected plots to produce values by stand
age, adjusted for reforestation tables to reflect higher
levels after disturbance.

FFVVSS:: Equations estimate stocks, calibrated for most FVS
variants; user can input values if known.

Existing studies of forest floor carbon were not system-
atic. Methods vary from study to study and some forest
types may be under-represented.

Maximum forest floor carbon levels for each forest type
are set at the 95th percentile for all studies reporting on
forests of at least “mature” age (15 to 60 years
depending on region).  If studies lack old growth repre-
sentation, this value would understate the true maxi-
mum.

Forest floor carbon after a clearcut is assumed to begin
at “mature” forest levels.  If deposits from logging
residue or natural debris are higher than this level, car-
bon releases after disturbance may be higher than pre-
dicted.

GGTTRR NNEE--334433:: Based on data from STATSGO, a national
database of soil associations.  Soil carbon is based
proportionally on the soils present beneath each forest
type.  Data gaps are filled in with information from sim-
ilar soils.  Afforestation tables assume beginning value
at 75% of mature forest value.

CCCCTT:: Similar to GTR NE-343.

CCOOLLEE:: Same as GTR NE-343 for individual plot values,
equation fitted to selected plots to produce values by
stand age for afforestation tables.

FFVVSS:: Not estimated

STATSGO is a very coarse soils map.  Mapping units
combine many soil series that may have very different
carbon densities.  Variations in soil texture, mineralogy,
moisture and temperature within a region can alter soil
carbon content considerably.  These variations are
undetectable at the scale of the STATSGO database at
present. 

This soil carbon measure also does not capture the vari-
ation associated with past land use history or current
management, potentially underestimating the buildup of
carbon stores on reforested farmlands.  Research is
underway to adjust soil carbon measures for past land
use, and the new FIA design will collect information on
soil carbon for selected plots.
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Carbon Estimation Issues for 
Older Forests

The measurement tools described
above are based mostly on models of
intensively managed forests and may
well underestimate carbon stores on
older or unmanaged forests.  Figure 6
contrasts ground-based carbon
measurements for the old-growth stand
at Wind River on the Gifford Pinchot
National Forest in southern Washington
state with COLE estimates for the same
forest type and geographic region.  For
this forest, the COLE estimate is 29%
below estimates based on ground
measurements.

There are several reasons why available
tools may underestimate carbon stores on
older forests.

• For very old trees, above-ground
volume and carbon may not
conform to standard dimensional
equations.  Allometric equations
that predict tree biomass from
diameter and species depend upon
available research studies for
particular species and tree

diameters across the country.
These equations underlie carbon
estimates used by all four carbon
measurement tools reviewed here.

• Earlier FIA surveys frequently
undercounted reserved forestland
where many older forests are
found.  Partly for this reason and
partly due to the scarcity of
reserves in many areas, COLE
often has an inadequate number of
plots to provide estimates for
reserved status lands.  GTR NE-
343 tables end at stand ages of 90
to 125, depending on region and
forest type. Likewise, the scarcity
of old unmanaged stands means
that FVS growth equations do not
apply well to older stands, and may
underestimate the life-spans of
trees in such stands.

• Look-up tables from GTR NE-343,
and the similar COLE equations
by stand age for non-tree carbon
pools, are based on models of
forest growth on previously
clearcut or nonforested land.
Forests experiencing natural
disturbance regimes do not fit
either of these models well,
particularly at very young and very
old stand ages.  For young stands,
standing and down dead wood
volumes will be much higher after
fire, ice storm, or wind event than

FFIIGGUURREE 66..
Site Sampling and Model Estimates for 

Wind River Old Growth Forest

Source: COLE and FORCARB2 equations 10

10 This chart uses COLE equations for live
tree and standing dead tree carbon fitted
to FIA plots in Douglas fir forest type in
the smallest area surrounding Wind River
that would provide a sufficient number of
plots (Clark, Cowlitz, Klickitat, Lewis,
Skamania, and Yakima counties).  Since
COLE does not provide equation coeffi-
cients for other carbon pools, understory,
down dead, and forest floor estimates use
standard region/forest type coefficients
and FORCARB2 equations cited in U.S.
EPA, 2007, Annex 3, Section 3.12 –
Methodology for Estimating Net Carbon
Stock Changes in Forest Lands Remain-
ing Forest Lands.)
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FFIIGGUURREE 77..
Comparisons of Mature to Old Growth Forests11

Indiana/Missouri

Mature Second-Growth Old Growth

Ratio of standing dead to 0.07 0.11
live tree-basal area12

Down dead volume (m3/ha) 0.2 to 32 24 to 111

Pacific Northwest

60-year old Forest 450-year old Forest

Ratio of forest floor to 
live-tree carbon 0.04 0.06

Ratio of coarse woody 
debris to live-tree carbon 0.02 to 0.10 0.22

Adirondacks

Maturing Old-Growth

Ratio of standing dead to 
live-tree basal area 0.14 0.26

Down dead volume (m3/ha) 61±16 139±22

Ratio of standing dead to 
live-tree basal area 0.21 0.24

Down dead volume (m3/ha) 86±34 164 ±40

Ratio of standing dead to
live-tree basal area 
(Indiana/Missouri)

Ratio of forest floor to live-
tree carbon (PNW)

Ratio of coarse woody
debris to live tree

carbon(PNW)

Ratio of standing dead to
live-tree basal area

(Adirondacks-McGee et al)

Ratio of standing dead to
live-tree basal area

(Adirondacks-Keeton et al)

11 Indiana and Missouri study (Spetich, et al, 1999) compared standing and down dead wood
on old-growth and mature (70 to 100 year) second-growth hardwood stands.  Pacific North-
west study compared carbon stores in a 60-year-old Douglas-fir stand and a 450-year-old
Douglas-fir/hemlock stand (Harmon, et al, 1990).  Adirondacks study cited in first two rows
(McGee, et al, 1999) compared old-growth to 90-100 year old even-aged second-growth
northern hardwood stands. Adirondacks study cited in last two rows (Keeton et al, 2007)
compared old growth stands with comparable second-growth stands (dominant canopy trees
80 to 150 years).

after a clearcut harvest.
• In very old stands, standing and

down dead trees may build well
above levels typical of “mature”
forests.  Several studies have
shown (Figure 7) that standing
and down dead wood and forest
floor carbon may build to much
higher levels in old growth forests
than in mature second-growth.

• When large dead logs eventually
lose biomass through decay, much
of the carbon will be captured in
stable soil carbon pools that persist
for hundreds to thousands of years.

Yet standard soil measurements are
unlikely to reflect high carbon
storage in old growth soils.  In fact,
soil samples used for standard soil
surveys tend to be taken in open
fields when possible (for reasons of
convenience and because of a
focus on mapping agricultural
soils) where soil carbon has been
depleted by cultivation.

If inventory estimates fail to reflect
actual carbon stocks, then flux derived
from stock changes will not reflect the
true potential for older forests to act as
carbon sinks.  Studies of the Wind River

Old-Growth

Mature

0 0.05 0.10 0.15 0.20 0.25 0.30
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old-growth forest indicate that it
continues to sequester atmospheric
carbon at 500 years stand age.  Eddy-
covariance studies that track carbon
dioxide concentrations above the canopy
indicate a carbon sink of 2.2 to 2.8
metric tons CO2e per acre (Paw U et al,
2004), while stock change estimates
indicate a smaller contribution of up to
0.3 metric tons CO2e per acre (Harmon
et al, 2004).  Zhou and others (2006)
found that soils in old-growth stands
(over 400 years stand age) on a
biosphere reserve in China continued to
build carbon reserves during the period
from 1979 to 2003.  This active uptake
of carbon runs counter to previous
assumptions that old growth forests no
longer actively sequester carbon.

Despite modest levels of current
sequestration compared with younger

stands, old growth forests may also be
more resilient in the face of climate-
related stresses that threaten the future
of today’s forest carbon sinks.  Research
suggests that old growth forests may be
less susceptible to climatic fluctuations
than young forests, including seasonal
drought, allowing them to assimilate
more carbon than younger stands
(Anthoni et al. 2002).

Even if old growth forests fix carbon
very slowly, conversion to younger
managed forests results in a significant
release of carbon to the atmosphere.
Models indicate that it can take 100-200
years for regenerating forests to achieve
the carbon storage of old-growth forests
in the Pacific Northwest, even when
storage in wood products from harvested
timber is taken into account (Harmon et
al. 1990; Law et al. 2001; Janisch &
Harmon 2002).

FOREST CARBON ESTIMATES

Existing measurement tools are not well suited to measuring the vast stores of carbon in old growth
forests.
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Conclusion and Recommendations
The USDA Forest Service has

provided timely information on a forest
value that deserves wider public
recognition and protection, and has
developed tools that are accessible to a
broad array of users.  However, these
tools come with significant limitations
that must be understood by both
policymakers and public.  Accurate
measurements of adequate precision are
needed to set appropriate policies
regarding forest carbon and greenhouse
gas reduction.  Overestimates of forest
carbon sequestration, whether
incorporated in a national greenhouse
gas inventory or applied to registered or
traded offsets, would undermine a
necessary shift away from fossil fuels, and
our forests would ultimately suffer from
resulting climate-related stresses.
Estimates that fail to fully capture the
contributions of our oldest forests could
encourage conversion to young
plantations that ultimately fail to deliver
the expected greenhouse gas reductions,
while making the nation’s forests less
resilient to climate change.

As the United States moves rapidly
toward a national cap-and-trade system,
which will likely incorporate the trading
of forest-based offsets, land management
agencies and regulators must:

• Clearly explain the limitations of
available tools and models that
estimate forest carbon, especially

for individual properties.
• Require rigorous field sampling to

document increases in forest
carbon stores claimed as offsets to
regulated emissions sources.

• Accelerate the phase-in of the new
national FIA survey design to
improve information on standing
dead, down dead, understory, forest
floor, and soil carbon pools, and
incorporate this new information
in forest growth and carbon
models.

• Support research that
1. investigates the role of older
forests in storing long-term carbon;
2. assesses the potential to enhance
forest carbon stores through
reserves or active timber
management; and 
3. evaluates strategies to help forest
systems weather future climate
stresses by harboring a diversity of
species and creating stable
microclimates.

Given incomplete information about forest carbon, climate change
policies should focus primarily on direct emissions reductions.
Rather than rely on uncertain carbon accounting to mitigate climate
change, forest carbon should be protected as a natural asset along
with the many other important services that healthy forests provide –
from clean water to wildlife habitat.  These values, including future
forest sequestration, are threatened by coming climate changes, and
their future depends upon effective policies that address the threat.
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Introduction 

This Special Report on Climate Change and Land1 responds to the Panel decision in 2016 to 
prepare three Special Reports2 during the Sixth Assessment cycle, taking account of proposals 
from governments and observer organizations3. This report addresses greenhouse gas (GHG) 
fluxes in land-based ecosystems , land use and sustainable land management4 in relation to climate 
change adaptation and mitigation, desertification5, land degradation6 and food security7. This 
report follows the publication of other recent reports, including the IPCC Special Report on Global 
Warming of 1.5°C (SR15), the thematic assessment of the Intergovernmental Science Policy 
Platform on Biodiversity and Ecosystem Services (IPBES) on Land Degradation and Restoration, 
the IPBES Global Assessment Report on Biodiversity and Ecosystem Services, and the Global 
Land Outlook of the UN Convention to Combat Desertification (UNCCD). This report provides 
an updated assessment of the current state of knowledge8  while striving for coherence and 
complementarity with other recent reports.  

This Summary for Policymakers (SPM) is structured in four parts: A) People, land and climate in 
a warming world; B) Adaptation and mitigation response options; C) Enabling response options; 
and D) Action in the near-term.  

Confidence in key findings is indicated using the IPCC calibrated language9; the underlying 
scientific basis of each key finding is indicated by references to the main report.  

1 The terrestrial portion of the biosphere that comprises the natural resources (soil, near-surface air, vegetation and 
other biota, and water), the ecological processes, topography, and human settlements and infrastructure that operate 
within that system. 
2 The three Special reports are: “Global Warming of 1.5°C. An IPCC special report on the impacts of global warming 
of 1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context of 
strengthening the global response to the threat of climate change, sustainable development, and efforts to eradicate 
poverty.”; “Climate Change and Land: an IPCC Special Report on Climate Change, Desertification, Land 
Degradation, Sustainable Land Management, Food Security, and Greenhouse gas fluxes in Terrestrial Ecosystems”; 
“The Ocean and Cryosphere in a Changing Climate” 
3 related proposals were: climate change and desertification; desertification with regional aspects; land degradation – 
an assessment of the interlinkages and integrated strategies for mitigation and adaptation; agriculture, foresty and other 
landuse; food and agriculture; and food security and climate change. 
4 Sustainable Land Management is defined in this report as “the stewardship and use of land resources, including soils, 
water, animals and plants, to meet changing human needs, while simultaneously ensuring the long-term productive 
potential of these resources and the maintenance of their environmental functions”. 
5 Desertification is defined in this report as ‘land degradation in arid, semi-arid, and dry sub-humid areas resulting 
from many factors, including climatic variations and human activities’. 
6 Land degradation is defined in this report as ‘a negative trend in land condition, caused by direct or indirect human 
induced processes, including anthropogenic climate change, expressed as long-term reduction and as loss of at least 
one of the following: biological productivity, ecological integrity, or value to humans’. 
7 Food security is defined in this report as ‘a situation that exists when all people, at all times, have physical, social, 
and economic access to sufficient, safe and nutritious food that meets their dietary needs and food preferences for an 
active and healthy life’. 
8 The assessment covers literature accepted for publication by 7th April 2019. 
9 Each finding is grounded in an evaluation of underlying evidence and agreement. A level of confidence is expressed 
using five qualifiers: very low, low, medium, high and very high, and typeset in italics, for example, medium 
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A. People, land and climate in a warming world

A 1.  Land provides the principal basis for human livelihoods and well-being 
including the supply of food, freshwater and multiple other ecosystem services, as well as 
biodiversity. Human use directly affects more than 70% (likely 69-76%) of the global, ice-
free land surface (high confidence). Land also plays an important role in the climate system. 
{1.1, 1.2, 2.3, 2.4, Figure SPM.1} 

A1.1.   People currently use one quarter to one third of land’s potential net primary 
production10 for food, feed, fibre, timber and energy. Land provides the basis for many other 
ecosystem functions and services11, including cultural and regulating services, that are essential 
for humanity (high confidence). In one economic approach, the world's terrestrial ecosystem 
services have been valued on an annual basis to be approximately equivalent to the annual global 
Gross Domestic Product12 (medium confidence). {1.1, 1.2, 3.2, 4.1, 5.1, 5.5, Figure SPM.1} 

A1.2.   Land is both a source and a sink of greenhouse gases (GHGs) and plays a key role 
in the exchange of energy, water and aerosols between the land surface and atmosphere. Land 
ecosystems and biodiversity are vulnerable to ongoing climate change and weather and climate 
extremes, to different extents. Sustainable land management can contribute to reducing the 
negative impacts of multiple stressors, including climate change, on ecosystems and societies (high 
confidence). {1.1, 1.2, 3.2, 4.1, 5.1, 5.5, Figure SPM.1}  

A1.3.   Data available since 196113 show that global population growth and changes in per 
capita consumption of food, feed, fibre, timber and energy have caused unprecedented rates of 
land and freshwater use (very high confidence) with agriculture currently accounting for ca. 70% 
of global fresh-water use (medium confidence). Expansion of areas under agriculture and forestry, 
including commercial production, and enhanced agriculture and forestry productivity have 
supported consumption and food availability for a growing population (high confidence). With 

confidence. The following terms have been used to indicate the assessed likelihood of an outcome or a result: virtually 
certain 99–100% probability, very likely 90–100%, likely 66–100%, about as likely as not 33–66%, unlikely 0–33%, 
very unlikely 0–10%, exceptionally unlikely 0–1%. Additional terms (extremely likely 95–100%, more likely than 
not >50–100%, more unlikely than likely 0–<50%, extremely unlikely 0–5%) may also be used when appropriate. 
Assessed likelihood is typeset in italics, for example, very likely. This is consistent with IPCC AR5. 
10 Land’s potential net primary production (NPP) is defined in this report as the amount of carbon accumulated through 
photosynthesis minus the amount lost by plant respiration over a specified time period that would prevail in the 
absence of land use. 
11 In its conceptual framework, IPBES uses “nature’s contribution to people” in which it includes ecosystem goods 
and services. 
12 i.e. estimated at $75 trillion for 2011, based on US dollars for 2007. 
13 This statement is based on the most comprehensive data from national statistics available within FAOSTAT, which 
starts in 1961. This does not imply that the changes started in 1961. Land use changes have been taking place from 
well before the pre-industrial period to the present. 
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large regional variation, these changes have contributed to increasing net GHG emissions (very 
high confidence), loss of natural ecosystems (e.g. forests, savannahs, natural grasslands and 
wetlands) and declining biodiversity (high confidence). {1.1, 1.3, 5.1, 5.5, Figure SPM.1} 

A1.4.   Data available since 1961 shows the per capita supply of vegetable oils and meat 
has more than doubled and the supply of food calories per capita has increased by about one third 
(high confidence). Currently, 25-30% of total food produced is lost or wasted (medium confidence). 
These factors are associated with additional GHG emissions (high confidence). Changes in 
consumption patterns have contributed to about 2 billion adults now being overweight or obese 
(high confidence). An estimated 821 million people are still undernourished (high confidence). 
{1.1, 1.3, 5.1, 5.5, Figure SPM.1}   

A1.5.  About a quarter of the Earth’s ice-free land area is subject to human-induced 
degradation (medium confidence). Soil erosion from agricultural fields is estimated to be currently 
10 to 20 times (no tillage) to more than 100 times (conventional tillage) higher than the soil 
formation rate (medium confidence). Climate change exacerbates land degradation, particularly in 
low-lying coastal areas, river deltas, drylands and in permafrost areas (high confidence). Over the 
period 1961-2013, the annual area of drylands in drought has increased, on average by slightly 
more than 1% per year, with large inter-annual variability. In 2015, about 500 (380-620) million 
people lived within areas which experienced desertification between the 1980s and 2000s. The 
highest numbers of people affected are in South and East Asia, the circum Sahara region including 
North Africa, and the Middle East including the Arabian peninsula (low confidence). Other dryland 
regions have also experienced desertification. People living in already degraded or desertified 
areas are increasingly negatively affected by climate change (high confidence). {1.1, 1.2, 3.1, 3.2, 
4.1, 4.2, 4.3, Figure SPM.1} 
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Figure SPM.1: Land use and observed climate change 
 
A representation of the land use and observed climate change covered in this assessment report. Panels A-F show the 
status and trends in selected land use and climate variables that represent many of the core topics covered in this report. 
The annual time series in B and D-F are based on the most comprehensive, available data from national statistics, in 
most cases from FAOSTAT which starts in 1961. Y-axes in panels D-F are expressed relative to the starting year of 
the time series (rebased to zero). Data sources and notes: A: The warming curves are averages of four datasets {2.1; 
Figure 2.2; Table 2.1} B: N2O and CH4 from agriculture are from FAOSTAT; Net CO2 emissions from FOLU using 
the mean of two bookkeeping models (including emissions from peatland fires since 1997). All values expressed in 
units of CO2-eq are based on AR5 100 year Global Warming Potential values without climate-carbon feedbacks 
(N2O=265; CH4=28). {see Table SPM.1, 1.1, 2.3} C: Depicts shares of different uses of the global, ice-free land area 
for approximately the year 2015, ordered along a gradient of decreasing land-use intensity from left to right. Each bar 
represents a broad land cover category; the numbers on top are the total % of the ice-free area covered, with uncertainty 
ranges in brackets. Intensive pasture is defined as having a livestock density greater than 100 animals/km². The area 
of ‘forest managed for timber and other uses’ was calculated as total forest area minus ‘primary/intact’ forest area. 
{1.2, Table 1.1, Figure 1.3} D: Note that fertiliser use is shown on a split axis. The large percentage change in fertiliser 
use reflects the low level of use in 1961 and relates to both increasing fertiliser input per area as well as the expansion 
of fertilised cropland and grassland to increase food production. {1.1, Figure 1.3} E: Overweight population is defined 
as having a body mass index (BMI) > 25 kg m-2; underweight is defined as BMI < 18.5 kg m-2. {5.1, 5.2} F: Dryland 
areas were estimated using TerraClimate precipitation and potential evapotranspiration (1980-2015) to identify areas 
where the Aridity Index is below 0.65. Population data are from the HYDE3.2 database. Areas in drought are based 
on the 12-month accumulation Global Precipitation Climatology Centre Drought Index. The inland wetland extent 
(including peatlands) is based on aggregated data from more than 2000 time series that report changes in local wetland 
area over time. {3.1, 4.2, 4.6}  
 

A 2.  Since the pre-industrial period, the land surface air temperature has risen 
nearly twice as much as the global average temperature (high confidence). Climate change, 
including increases in frequency and intensity of extremes, has adversely impacted food 
security and terrestrial ecosystems as well as contributed to desertification and land 
degradation in many regions (high confidence). {2.2, 3.2, 4.2, 4.3, 4.4, 5.1, 5.2, Executive 
Summary Chapter 7, 7.2} 

 

A2.1.  Since the pre-industrial period (1850-1900) the observed mean land surface air 
temperature has risen considerably more than the global mean surface (land and ocean) 
temperature (GMST) (high confidence). From 1850-1900 to 2006-2015 mean land surface air 
temperature has increased by 1.53°C (very likely range from 1.38°C to 1.68°C) while GMST 
increased by 0.87°C (likely range from 0.75°C to 0.99°C). {2.2.1, Figure SPM.1} 

 

A2.2.  Warming has resulted in an increased frequency, intensity and duration of heat-
related events, including heat waves14 in most land regions (high confidence). Frequency and 
intensity of droughts has increased in some regions (including the Mediterranean, west Asia, many 
parts of South America, much of Africa, and north-eastern Asia) (medium confidence) and there 

                                                            
14 A heatwave is defined in this report as ‘a period of abnormally hot weather. Heatwaves and warm spells have various 
and in some cases overlapping definitions’. 
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has been an increase in the intensity of heavy precipitation events at a global scale (medium 
confidence). {2.2.5, 4.2.3, 5.2} 

A2.3.  Satellite observations15 have shown vegetation greening16 over the last three 
decades in parts of Asia, Europe, South America, central North America, and southeast Australia. 
Causes of greening include combinations of an extended growing season, nitrogen deposition, CO2 
fertilisation17, and land management (high confidence). Vegetation browning18 has been observed 
in some regions including northern Eurasia, parts of North America, Central Asia and the Congo 
Basin, largely as a result of water stress (medium confidence). Globally, vegetation greening has 
occurred over a larger area than vegetation browning (high confidence). {2.2.3, Box 2.3, 2.2.4, 
3.2.1, 3.2.2, 4.3.1, 4.3.2, 4.6.2, 5.2.2} 

A2.4.   The frequency and intensity of dust storms have increased over the last few decades 
due to land use and land cover changes and climate-related factors in many dryland areas resulting 
in increasing negative impacts on human health, in regions such as the Arabian Peninsula and 
broader Middle East, Central Asia (high confidence)19. {2.4.1, 3.4.2} 

A2.5.   In some dryland areas, increased land surface air temperature and 
evapotranspiration and decreased precipitation amount, in interaction with climate variability and 
human activities, have contributed to desertification.  These areas include Sub-Saharan Africa, 
parts of East and Central Asia, and Australia. (medium confidence) {2.2, 3.2.2, 4.4.1} 

A2.6.  Global warming has led to shifts of climate zones in many world regions, including 
expansion of arid climate zones and contraction of polar climate zones (high confidence). As a 
consequence, many plant and animal species have experienced changes in their ranges, 
abundances, and shifts in their seasonal activities (high confidence). {2.2, 3.2.2, 4.4.1}  

A2.7.  Climate change can exacerbate land degradation processes (high confidence) 
including through increases in rainfall intensity, flooding, drought frequency and severity, heat 
stress, dry spells, wind, sea-level rise and wave action, permafrost thaw with outcomes being 

15 The interpretation of satellite observations can be affected by insufficient ground validation and sensor calibration. 
In addition their spatial resolution can make it difficult to resolve small-scale changes. 
16 Vegetation greening is defined in this report as an increase in photosynthetically active plant biomass which is 
inferred from satellite observations.   
17 CO2 fertilization is defined in this report as the enhancement of plant growth as a result of increased atmospheric 
carbon dioxide (CO2) concentration. The magnitude of CO2 fertilization depends on nutrients and water availability. 
18 Vegetation browning is defined in this report as a decrease in photosynthetically active plant biomass which is 
inferred from satellite observations. 
19 Evidence relative to such trends in dust storms and health impacts in other regions is limited in the literature assessed 
in this report.   
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modulated by land management. Ongoing coastal erosion is intensifying and impinging on more 
regions with sea level rise adding to land use pressure in some regions (medium confidence). 
{4.2.1, 4.2.2, 4.2.3, 4.4.1, 4.4.2, 4.9.6, Table 4.1, 7.2.1, 7.2.2} 

A2.8. Climate change has already affected food security due to warming, changing 
precipitation patterns, and greater frequency of some extreme events (high confidence). In many 
lower-latitude regions, yields of some crops (e.g., maize and wheat) have declined, while in many 
higher-latitude regions, yields of some crops (e.g., maize, wheat and sugar beets) have increased 
over recent decades (high confidence). Climate change has resulted in lower animal growth rates 
and productivity in pastoral systems in Africa (high confidence). There is robust evidence that 
agricultural pests and diseases have already responded to climate change resulting in both increases 
and decreases of infestations (high confidence). Based on indigenous and local knowledge, climate 
change is affecting food security in drylands, particularly those in Africa, and high mountain 
regions of Asia and South America20. {5.2.1, 5.2.2, 7.2.2} 

A 3.  Agriculture, Forestry and Other Land Use (AFOLU) activities accounted for 
around 13% of CO2, 44% of methane (CH4), and 82% of nitrous oxide (N2O) emissions from 
human activities globally during 2007-2016, representing 23% (12.0 +/- 3.0 GtCO2e yr-1) of 
total net anthropogenic emissions of GHGs21 (medium confidence). The natural response of 
land to human-induced environmental change caused a net sink of around 11.2 GtCO2 yr-1 
during 2007-2016 (equivalent to 29% of total CO2 emissions) (medium confidence); the 
persistence of the sink is uncertain due to climate change (high confidence). If emissions 
associated with pre- and post-production activities in the global food system22 are included, 
the emissions are estimated to be 21-37% of total net anthropogenic GHG emissions (medium 
confidence). {2.3, Table 2.2, 5.4}.  

A3.1.  Land is simultaneously a source and a sink of CO2 due to both anthropogenic and 
natural drivers, making it hard to separate anthropogenic from natural fluxes (very high 
confidence).  Global models estimate net CO2 emissions of 5.2 ± 2.6 GtCO2 yr-1 (likely range) from 
land use and land-use change during 2007-16. These net emissions are mostly due to deforestation, 
partly offset by afforestation/reforestation, and emissions and removals by other land use activities 

20 The assessment covered literature whose methodologies included interviews and surveys with indigenous peoples 
and local communities. 
21 This assessment only includes CO2, CH4 and N2O. 
22 Global food system in this report is defined as ‘all the elements (environment, people, inputs, processes, 
infrastructures, institutions, etc.) and activities that relate to the production, processing, distribution, preparation and 
consumption of food, and the output of these activities, including socioeconomic and environmental outcomes at the 
global level’. These emissions data are not directly comparable to the national inventories prepared according to the 
2006 IPCC Guidelines for National Greenhouse Gas. 
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(very high confidence) (Table SPM.1)23. There is no clear trend in annual emissions since 1990 
(medium confidence) (Figure SPM.1). {1.1, 2.3, Table 2.2, Table 2.3}  

A3.2.  The natural response of land to human-induced environmental changes such as 
increasing atmospheric CO2 concentration, nitrogen deposition, and climate change, resulted in 
global net removals of 11.2 +/– 2.6 Gt CO2 yr–1 (likely range) during 2007-2016 (Table SPM.1). 
The sum of the net removals due to this response and the AFOLU net emissions gives a total net 
land-atmosphere flux that removed 6.0+/-2.6 GtCO2 yr-1 during 2007-2016 (likely range). Future 
net increases in CO2 emissions from vegetation and soils due to climate change are projected to 
counteract increased removals due to CO2 fertilisation and longer growing seasons (high 
confidence). The balance between these processes is a key source of uncertainty for determining 
the future of the land carbon sink. Projected thawing of permafrost is expected to increase the loss 
of soil carbon (high confidence). During the 21st century, vegetation growth in those areas may 
compensate in part for this loss (low confidence). {Box 2.3, 2.3.1, 2.5.3, 2.7; Table 2.3} 

A3.3.   Global models and national GHG inventories use different methods to estimate 
anthropogenic CO2 emissions and removals for the land sector. Both produce estimates that are in 
close agreement for land-use change involving forest (e.g., deforestation, afforestation), and differ 
for managed forest. Global models consider as managed forest those lands that were subject to 
harvest whereas, consistent with IPCC guidelines, national GHG inventories define managed 
forest more broadly. On this larger area, inventories can also consider the natural response of land 
to human-induced environmental changes as anthropogenic, while the global model approach 
{Table SPM.1} treats this response as part of the non-anthropogenic sink. For illustration, from 
2005 to 2014, the sum of the national GHG inventories net emission estimates is 0.1±1.0 GtCO2yr-

1, while the mean of two global bookkeeping models is 5.1±2.6 GtCO2yr-1 (likely range). 
Consideration of differences in methods can enhance understanding of land sector net emission 
estimates and their applications.  

23 The net anthropogenic flux of CO2 from “bookkeeping” or “carbon accounting” models is composed of two 
opposing gross fluxes: gross emissions (about 20 GtCO2 yr-1) are from deforestation, cultivation of soils, and 
oxidation of wood products; gross removals (about 14 GtCO2 yr-1) are largely from forest growth following wood 
harvest and agricultural abandonment (medium confidence). 
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Table SPM1. Net anthropogenic emissions due to Agriculture, Forestry, and other Land Use (AFOLU) and non-AFOLU (Panel 1) and global 
food systems (average for 2007-2016)1 (Panel 2). Positive value represents emissions; negative value represents removals.  

Direct Anthropogenic 

Net anthropogenic emissions due to 
Agriculture, Forestry, and Other Land 

Use (AFOLU) 

Non-AFOLU 
anthropogenic GHG 

emissions6 

Total net 
anthropogenic 

emissions 
(AFOLU + non-
AFOLU) by gas 

AFOLU as a 
% of total net 
anthropogenic 
emissions, by 

gas 

Natural response 
of land to human-

induced 
environmental 

change7 

Net land – 
atmosphere 
flux from all 

lands 

Panel 1: Contribution of AFOLU 
FOLU Agriculture Total 

A B C = B + A D E = C + D F = (C/E)*100 G A + G 

CO2
2 

Gt CO2 y-1 5.2 ± 2.6 --11 5.2 ± 2.6 33.9 ± 1.8 39.1 ± 3.2 ~13% -11.2 ± 2.6 -6.0 ± 2.0

CH4
3,8 Mt CH4 y-1 19 ± 6 142 ± 43 162 ± 48.6 201 ± 100 363 ± 111 

Gt CO2e y-1 0.5 ± 0.2 4.0 ± 1.2 4.5 ± 1.4 5.6 ± 2.8 10.1 ± 3.1 ~44% 

N2O3,8 Mt N2O y-1 0.3 ± 0.1 8 ±2 8.3 ± 2.5 2.0 ± 1.0 10.4 ± 2.7 

Gt CO2e y-1 0.09 ± 0.03 2.2 ± 0.7 2.3 ± 0.7 0.5 ± 0.3 2.8 ± 0.7 ~82% 

Total (GHG) Gt CO2e y-1 5.8 ± 2.6 6.2 ± 1.4 12.0 ± 3.0 40.0 ± 3.4 52.0 ± 4.5 ~23% 

Panel 2:  Contribution of global food system 

Land-use 
change Agriculture 

Non-AFOLU5 other 
sectors pre- to post- 

production 

Total global food 
system emissions 

CO2
4 Land-

use change Gt CO2 y-1 4.9 ± 2.5 

CH4
3,8,9 

Agriculture Gt CO2e y-1 4.0 ± 1.2 

N2O3,8,9 
Agriculture Gt CO2e y-1 2.2 ± 0.7 

CO2 other 
sectors Gt CO2 y-1 2.4 – 4.8 

Total 
(CO2e)10 Gt CO2e y-1 4.9 ± 2.5 6.2 ± 1.4 2.4 – 4.8 10.7 – 19.1 
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Data sources and notes:  
1 Estimates are only given until 2016 as this is the latest date when data are available for all gases.  
2 Net anthropogenic flux of CO2 due to land cover change such as deforestation and afforestation, and land 
management including wood harvest and regrowth, as well as peatland burning, based on two bookkeeping models as 
used in the Global Carbon Budget and for AR5. Agricultural soil carbon stock change under the same land use is not 
considered in these models. {2.3.1.2.1, Table 2.2, Box 2.2} 
3 Estimates show the mean and assessed uncertainty of two databases, FAOSTAT and USEPA 2012 {2.3; Table 2.2} 
4 Based on FAOSTAT. Categories included in this value are “net forest conversion” (net deforestation), drainage of 
organic soils (cropland and grassland), biomass burning (humid tropical forests, other forests, organic soils). It 
excludes “forest land” (forest management plus net forest expansion), which is primarily a sink due to afforestation. 
Note: total FOLU emissions from FAOSTAT are 2.8 (±1.4) Gt CO2 yr-1 for the period 2007-2016. {Table 2.2, Table 
5.4} 
5 CO2 emissions induced by activities not included in the AFOLU sector, mainly from energy (e.g. grain drying), 
transport (e.g. international trade), and industry (e.g. synthesis of inorganic fertilizers) part of food systems, including 
agricultural production activities (e.g. heating in greenhouses), pre-production (e.g.  manufacturing of farm inputs) 
and post-production (e.g. agri-food processing) activities. This estimate is land based and hence excludes emissions 
from fisheries. It includes emissions from fibre and other non-food agricultural products since these are not separated 
from food use in data bases. The CO2 emissions related to food system in other sectors than AFOLU are 6-13% of 
total anthropogenic CO2 emissions. These emissions are typically low in smallholder subsistence farming. When 
added to AFOLU emissions, the estimated share of food systems in global anthropogenic emissions is 21-37%. {5.4.5, 
Table 5.4}  
6 Total non-AFOLU emissions were calculated as the sum of total CO2e emissions values for energy, industrial 
sources, waste and other emissions with data from the Global Carbon Project for CO2, including international aviation 
and shipping and from the PRIMAP database for CH4 and N2O averaged over 2007-2014 only as that was the period 
for which data were available {2.3; Table 2.2}.  
7 The natural response of land to human-induced environmental changes is the response of vegetation and soils to 
environmental changes such as increasing atmospheric CO2 concentration, nitrogen deposition, and climate change. 
The estimate shown represents the average from Dynamic Global Vegetation Models {2.3.1.2.4, Box 2.2, Table 2.3}  
8 All values expressed in units of CO2e are based on AR5 100 year Global Warming Potential (GWP) values without 
climate-carbon feedbacks (N2O = 265; CH4 = 28). Note that the GWP has been used across fossil fuel and biogenic 
sources of methane. If a higher GWP for fossil fuel CH4 (30 per AR5), then total anthropogenic CH4 emissions 
expressed in CO2e would be 2% greater.  
9 This estimate is land based and hence excludes emissions from fisheries and emissions from aquaculture (except 
emissions from feed produced on land and used in aquaculture), and also includes non-food use (e.g. fibre and 
bioenergy) since these are not separated from food use in databases. It excludes non-CO2 emissions associated with 
land use change (FOLU category) since these are from fires in forests and peatlands. 
10 Emissions associated with food loss and waste are included implicitly, since emissions from food system are related 
to food produced, including food consumed for nutrition and to food loss and waste. The latter is estimated at 8-10% 
of total anthropogenic emissions in CO2e. {5.5.2.5}   
11 No global data are available for agricultural CO2 emissions 

A3.4.  Global AFOLU emissions of methane in the period 2007-2016 were 162 ± 49 Mt 
CH4  yr-1 (4.5 ± 1.4 GtCO2eq  yr-1) (medium confidence). The globally averaged atmospheric 
concentration of methane shows a steady increase between the mid-1980s and early 1990s, slower 
growth thereafter until 1999, a period of no growth between 1999-2006, followed by a resumption 
of growth in 2007 (high confidence). Biogenic sources make up a larger proportion of emissions 
than they did before 2000 (high confidence). Ruminants and the expansion of rice cultivation are 
important contributors to the rising concentration (high confidence). {Table 2.2, 2.3.2, 5.4.2, 5.4.3, 
Figure SPM.1}. 
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A3.5.  Anthropogenic AFOLU N2O emissions are rising, and were 8.3 ± 2.5 MtN2O yr-1 
(2.3 ± 0.7 GtCO2eq yr-1) during the period 2007-2016. Anthropogenic N2O emissions (Figure 
SPM.1, Table SPM.1) from soils are primarily due to nitrogen application including inefficiencies 
(over-application or poorly synchronised with crop demand timings) (high confidence). Cropland 
soils emitted around 3 Mt N2O yr-1 (around 795 MtCO2-eq yr-1) during the period 2007-2016 
(medium confidence).  There has been a major growth in emissions from managed pastures due to 
increased manure deposition (medium confidence). Livestock on managed pastures and rangelands 
accounted for more than one half of total anthropogenic N2O emissions from agriculture in 2014 
(medium confidence). {Table 2.1, 2.3.3, 5.4.2, 5.4.3} 

A3.6.  Total net GHG emissions from agriculture, forestry, and other land use (AFOLU) 
emissions represent 12.0 +/- 3.0 GtCO2eq yr-1 during 2007-2016. This represents 23% of total net 
anthropogenic emissions24 (Table SPM.1). Other approaches, such as global food system, include 
agricultural emissions and land use change (i.e., deforestation and peatland degradation), as well 
as outside farm gate emissions from energy, transport and industry sectors for food production. 
Emissions within farm gate and from agricultural land expansion contributing to the global food 
system represent 16-27% of total anthropogenic emissions (medium confidence). Emissions 
outside the farm gate represent 5-10% of total anthropogenic emissions (medium confidence). 
Given the diversity of food systems, there are large regional differences in the contributions from 
different components of the food system (very high confidence). Emissions from agricultural 
production are projected to increase (high confidence), driven by population and income growth 
and changes in consumption patterns (medium confidence). {5.5, Table 5.4} 

A 4.  Changes in land conditions25, either from land-use or climate change, affect 
global and regional climate (high confidence). At the regional scale, changing land conditions 
can reduce or accentuate warming and affect the intensity, frequency and duration of 
extreme events. The magnitude and direction of these changes vary with location and season 
(high confidence). {Executive Summary Chapter 2, 2.3, 2.4, 2.5, 3.3} 

A4.1.  Since the pre-industrial period, changes in land cover due to human activities have 
led to both a net release of CO2 contributing to global warming (high confidence), and an increase 
in global land albedo26 causing surface cooling (medium confidence). Over the historical period, 
the resulting net effect on globally averaged surface temperature is estimated to be small (medium 
confidence). {2.4, 2.6.1, 2.6.2} 

24 This assessment only includes CO2, CH4 and N2O. 
25 Land conditions encompass changes in land cover (e.g. deforestation, afforestation, urbanisation), in land use (e.g. 
irrigation), and in land state (e.g. degree of wetness, degree of greening, amount of snow, amount of permafrost) 
26 Land with high albedo reflects more incoming solar radiation than land with low albedo. 
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A4.2.  The likelihood, intensity and duration of many extreme events can be significantly 
modified by changes in land conditions, including heat related events such as heat waves (high 
confidence) and heavy precipitation events (medium confidence). Changes in land conditions can 
affect temperature and rainfall in regions as far as hundreds of kilometres away (high confidence). 
{2.5.1, 2.5.2, 2.5.4, 3.3; Cross-Chapter Box 4 in Chapter 2} 

A4.3. Climate change is projected to alter land conditions with feedbacks on regional climate. In 
those boreal regions where the treeline migrates northward and/or the growing season lengthens, 
winter warming will be enhanced due to decreased snow cover and albedo while warming will be 
reduced during the growing season because of increased evapotranspiration (high confidence). In 
those tropical areas where increased rainfall is projected, increased vegetation growth will reduce 
regional warming (medium confidence). Drier soil conditions resulting from climate change can 
increase the severity of heat waves, while wetter soil conditions have the opposite effect (high 
confidence). {2.5.2, 2.5.3} 

A4.4.  Desertification amplifies global warming through the release of CO2 linked with 
the decrease in vegetation cover (high confidence). This decrease in vegetation cover tends to 
increase local albedo, leading to surface cooling (high confidence). {3.3} 

A4.5.  Changes in forest cover for example from afforestation, reforestation and 
deforestation, directly affect regional surface temperature through exchanges of water and 
energy27 (high confidence). Where forest cover increases in tropical regions cooling results from 
enhanced evapotranspiration (high confidence). Increased evapotranspiration can result in cooler 
days during the growing season (high confidence) and can reduce the amplitude of heat related 
events (medium confidence). In regions with seasonal snow cover, such as boreal and some 
temperate, increased tree and shrub cover also has a wintertime warming influence due to reduced 
surface albedo28 (high confidence). {2.3, 2.4.3, 2.5.1, 2.5.2, 2.5.4} 

A4.6.  Both global warming and urbanisation can enhance warming in cities and their 
surroundings (heat island effect), especially during heat related events, including heat waves (high 
confidence). Night-time temperatures are more affected by this effect than daytime temperatures 
(high confidence). Increased urbanisation can also intensify extreme rainfall events over the city 
or downwind of urban areas (medium confidence). {2.5.1, 2.5.2, 2.5.3, 4.9.1, Cross-Chapter Box 
4 in Chapter 2} 

27 The literature indicates that forest cover changes can also affect climate through changes in emissions of reactive 
gases and aerosols {2.4, 2.5}. 
28 Emerging literature shows that boreal forest-related aerosols may counteract at least partly the warming effect of 
surface albedo {2.4.3}. 
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Figure SPM. 2 Risks to land-related human systems and ecosystems from global climate 
change, socio-economic development and mitigation choices in terrestrial ecosystems.  

As in previous IPCC reports the literature was used to make expert judgements to assess the levels of global warming 
at which levels of risk are undetectable, moderate, high or very high, as described further in Chapter 7 and other parts 
of the underlying report. The figure indicates assessed risks at approximate warming levels which may be influenced 
by a variety of factors, including adaptation responses. The assessment considers adaptive capacity consistent with 
the SSP pathways as described below. Panel A: Risks to selected elements of the land system as a function of global 
mean surface temperature {2.1; Box 2.1; 3.5; 3.7.1.1; 4.4.1.1; 4.4.1.2; 4.4.1.3; 5.2.2; 5.2.3; 5.2.4; 5.2.5; 7.2;7.3, Table 
SM7.1}. Links to broader systems are illustrative and not intended to be comprehensive. Risk levels are estimated 
assuming medium exposure and vulnerability driven by moderate trends in socioeconomic conditions broadly 
consistent with an SSP2 pathway. {Table SM7.4}. Panel B: Risks associated with desertification, land degradation 
and food security due to climate change and patterns of socio-economic development. Increasing risks associated with 
desertification include population exposed and vulnerable to water scarcity in drylands. Risks related to land 
degradation include increased habitat degradation, population exposed to wildfire and floods and costs of floods. Risks 
to food security include availability and access to food, including population at risk of hunger, food price increases 
and increases in disability adjusted life years attributable due to childhood underweight. Risks are assessed for two 
contrasted socio-economic pathways (SSP1 and SSP3 {SPM Box 1}) excluding the effects of targeted mitigation 
policies {3.5; 4.2.1.2; 5.2.2; 5.2.3; 5.2.4; 5.2.5; 6.1.4; 7.2, Table SM7.5}. Risks are not indicated beyond 3°C because 
SSP1 does not exceed this level of temperature change. All panels: As part of the assessment, literature was compiled 
and data extracted into a summary table. A formal expert elicitation protocol (based on modified-Delphi technique 
and the Sheffield Elicitation Framework), was followed to identify risk transition thresholds. This included a multi-
round elicitation process with two rounds of independent anonymous threshold judgement, and a final consensus 
discussion. Further information on methods and underlying literature can be found in Chapter 7 Supplementary 
Material. 

****************************************************************************** 

BOX SPM.1: Shared Socioeconomic Pathways (SSPs)  

In this report the implications of future socio-economic development on climate change mitigation, 
adaptation and land-use are explored using shared socio-economic pathways (SSPs). The SSPs 
span a range of challenges to climate change mitigation and adaptation.  

 SSP1 includes a peak and decline in population (~7 billion in 2100), high income and
reduced inequalities, effective land-use regulation, less resource intensive consumption,
including food produced in low-GHG emission systems and lower food waste, free trade
and environmentally-friendly technologies and lifestyles. Relative to other pathways, SSP1
has low challenges to mitigation and low challenges to adaptation (i.e., high adaptive
capacity).

 SSP2 includes medium population growth (~9 billion in 2100), medium income;
technological progress, production and consumption patterns are a continuation of past
trends, and only gradual reduction in inequality occurs. Relative to other pathways, SSP2
has medium challenges to mitigation and medium challenges to adaptation (i.e., medium
adaptive capacity).
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 SSP3 includes high population (~13 billion in 2100), low income and continued
inequalities, material-intensive consumption and production, barriers to trade, and slow
rates of technological change. Relative to other pathways, SSP3 has high challenges to
mitigation and high challenges to adaptation (i.e., low adaptive capacity).

 SSP4 includes medium population growth (~9 billion in 2100), medium income, but
significant inequality within and across regions. Relative to other pathways, SSP4 has low
challenges to mitigation, but high challenges to adaptation (i.e., low adaptive capacity).

 SSP5 includes a peak and decline in population (~7 billion in 2100), high income, reduced
inequalities, and free trade. This pathway includes resource-intensive production,
consumption and lifestyles. Relative to other pathways, SSP5 has high challenges to
mitigation, but low challenges to adaptation (i.e., high adaptive capacity).

The SSPs can be combined with Representative Concentration Pathways (RCPs) which imply 
different levels of mitigation, with implications for adaptation. Therefore, SSPs can be consistent 
with different levels of global mean surface temperature rise as projected by different SSP-RCP 
combinations. However, some SSP-RCP combinations are not possible; for instance RCP2.6 and 
lower levels of future global mean surface temperature rise (e.g., 1.5ºC) are not possible in SSP3 
in modelled pathways. {1.2.2, Cross-Chapter Box 1 in Chapter 1, 6.1.4, Cross-Chapter Box 9 in 
Chapter 6} 

****************************************************************************** 

A 5.  Climate change creates additional stresses on land, exacerbating existing risks 
to livelihoods, biodiversity, human and ecosystem health, infrastructure, and food systems 
(high confidence). Increasing impacts on land are projected under all future GHG emission 
scenarios (high confidence). Some regions will face higher risks, while some regions will face 
risks previously not anticipated (high confidence). Cascading risks with impacts on multiple 
systems and sectors also vary across regions (high confidence). {2.2, 3.5, 4.2, 4.4, 4.7, 5.1, 5.2, 
5.8, 6.1, 7.2, 7.3, Cross-Chapter Box 9 in Chapter 6, Figure SPM.2} 

A5.1.   With increasing warming, the frequency, intensity and duration of heat related 
events including heat waves are projected to continue to increase through the 21st century (high 
confidence). The frequency and intensity of droughts are projected to increase particularly in the 
Mediterranean region and southern Africa (medium confidence). The frequency and intensity of 
extreme rainfall events are projected to increase in many regions (high confidence). {2.2.5, 3.5.1, 
4.2.3, 5.2} 
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A5.2.   With increasing warming, climate zones are projected to further shift poleward in 
the middle and high latitudes (high confidence). In high-latitude regions, warming is projected to 
increase disturbance in boreal forests, including drought, wildfire, and pest outbreaks (high 
confidence). In tropical regions, under medium and high GHG emissions scenarios, warming is 
projected to result in the emergence of unprecedented29 climatic conditions by the mid to late 21st 
century (medium confidence). {2.2.4, 2.2.5, 2.5.3, 4.3.2} 

A5.3.  Current levels of global warming are associated with moderate risks from increased 
dryland water scarcity, soil erosion, vegetation loss, wildfire damage, permafrost thawing, coastal 
degradation and tropical crop yield decline (high confidence). Risks, including cascading risks, are 
projected to become increasingly severe with increasing temperatures. At around 1.5°C of global 
warming the risks from dryland water scarcity, wildfire damage, permafrost degradation and food 
supply instabilities are projected to be high (medium confidence). At around 2°C of global warming 
the risk from permafrost degradation and food supply instabilities are projected to be very high 
(medium confidence). Additionally, at around 3°C of global warming risk from vegetation loss, 
wildfire damage, and dryland water scarcity are also projected to be very high (medium 
confidence). Risks from droughts, water stress, heat related events such as heatwaves and habitat 
degradation simultaneously increase between 1.5°C and 3°C warming (low confidence). {Figure 
SPM.2, 7.2.2, Cross-Chapter Box 9 in Chapter 6, Chapter 7 supplementary material} 

A5.4.  The stability of food supply30 is projected to decrease as the magnitude and 
frequency of extreme weather events that disrupt food chains increases (high confidence). 
Increased atmospheric CO2 levels can also lower the nutritional quality of crops (high confidence). 
In SSP2, global crop and economic models project a median increase of 7.6% (range of 1 to 23%) 
in cereal prices in 2050 due to climate change (RCP6.0), leading to higher food prices and 
increased risk of food insecurity and hunger (medium confidence). The most vulnerable people 
will be more severely affected (high confidence). {5.2.3, 5.2.4, 5.2.5, 5.8.1, 7.2.2.2, 7.3.1} 

A5.5.  In drylands, climate change and desertification are projected to cause reductions in 
crop and livestock productivity (high confidence), modify the plant species mix and reduce 
biodiversity (medium confidence). Under SSP2, the dryland population vulnerable to water stress, 
drought intensity and habitat degradation is projected to reach 178 million people by 2050 at 1.5°C 
warming, increasing to 220 million people at 2°C warming, and 277 million people at 3°C warming 
(low confidence). {3.5.1, 3.5.2, 3.7.3} 

29 Unprecedented climatic conditions are defined in this report as not having occurred anywhere during the 20th 
century. They are characterized by high temperature with strong seasonality and shifts in precipitation. In the literature 
assessed, the effect of climatic variables other than temperature and precipitation were not considered. 
30 The supply of food is defined in this report as encompassing availability and access (including price). Food supply 
instability refers to variability that influences food security through reducing access. 
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A5.6.  Asia and Africa31 are projected to have the highest number of people vulnerable to 
increased desertification. North America, South America, Mediterranean, southern Africa and 
central Asia may be increasingly affected by wildfire. The tropics and subtropics are projected to 
be most vulnerable to crop yield decline. Land degradation resulting from the combination of sea 
level rise and more intense cyclones is projected to jeopardise lives and livelihoods in cyclone 
prone areas (very high confidence).  Within populations, women, the very young, elderly and poor 
are most at risk (high confidence). {3.5.1, 3.5.2, 4.4, Table 4.1, 5.2.2, 7.2.2, Cross-Chapter Box 3 
in Chapter 2} 

A5.7.  Changes in climate can amplify environmentally induced migration both within 
countries and across borders (medium confidence), reflecting multiple drivers of mobility and 
available adaptation measures (high confidence). Extreme weather and climate or slow-onset 
events may lead to increased displacement, disrupted food chains, threatened livelihoods (high 
confidence), and contribute to exacerbated stresses for conflict (medium confidence). {3.4.2, 4.7.3, 
5.2.3, 5.2.4, 5.2.5, 5.8.2, 7.2.2, 7.3.1} 

A5.8   Unsustainable land management has led to negative economic impacts (high 
confidence). Climate change is projected to exacerbate these negative economic impacts (high 
confidence). {4.3.1, 4.4.1, 4.7, 4.8.5, 4.8.6, 4.9.6, 4.9.7, 4.9.8, 5.2, 5.8.1, 7.3.4, 7.6.1, Cross-
Chapter Box 10 in Chapter 7} 

A6.  The level of risk posed by climate change depends both on the level of warming 
and on how population, consumption, production, technological development, and land 
management patterns evolve (high confidence). Pathways with higher demand for food, feed, 
and water, more resource-intensive consumption and production, and more limited 
technological improvements in agriculture yields result in higher risks from water scarcity 
in drylands, land degradation, and food insecurity (high confidence). {5.1.4, 5.2.3, 6.1.4, 7.2, 
Cross-Chapter Box 9 in Chapter 6, Figure SPM.2b} 

A6.1.  Projected increases in population and income, combined with changes in 
consumption patterns, result in increased demand for food, feed, and water in 2050 in all SSPs 
(high confidence). These changes, combined with land management practices, have implications 
for land-use change, food insecurity, water scarcity, terrestrial GHG emissions, carbon 
sequestration potential, and biodiversity (high confidence). Development pathways in which 
incomes increase and the demand for land conversion is reduced, either through reduced 

31 West Africa has a high number of people vulnerable to increased desertification and yield decline. North Africa is 
vulnerable to water scarcity. 
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agricultural demand or improved productivity, can lead to reductions in food insecurity (high 
confidence). All assessed future socio-economic pathways result in increases in water demand and 
water scarcity (high confidence). SSPs with greater cropland expansion result in larger declines in 
biodiversity (high confidence). {6.1.4} 

A6.2.  Risks related to water scarcity in drylands are lower in pathways with low 
population growth, less increase in water demand, and high adaptive capacity, as in Shared Socio-
economic Pathway 1 (SSP1) (See BOX SPM.1). In these scenarios the risk from water scarcity in 
drylands is moderate even at global warming of 3°C (low confidence). By contrast, risks related to 
water scarcity in drylands are greater for pathways with high population growth, high vulnerability, 
higher water demand, and low adaptive capacity, such as SSP3. In SSP3 the transition from 
moderate to high risk occurs between 1.2°C and 1.5°C (medium confidence). {7.2, Figure SPM.2b, 
BOX SPM.1} 

A6.3.  Risks related to climate change driven land degradation are higher in pathways with 
a higher population, increased land-use change, low adaptive capacity and other barriers to 
adaptation (e.g., SSP3). These scenarios result in more people exposed to ecosystem degradation, 
fire, and coastal flooding (medium confidence). For land degradation, the projected transition from 
moderate to high risk occurs for global warming between 1.8°C and 2.8°C in SSP1 (low 
confidence) and between 1.4°C and 2°C in SSP3 (medium confidence). The projected transition 
from high to very high risk occurs between 2.2°C and 2.8°C for SSP3 (medium confidence). {4.4, 
7.2, Figure SPM.2b} 

A6.4.  Risks related to food security are greater in pathways with lower income, increased 
food demand, increased food prices resulting from competition for land, more limited trade, and 
other challenges to adaptation (e.g., SSP3) (high confidence). For food security, the transition from 
moderate to high risk occurs for global warming between 2.5°C and 3.5°C in SSP1 (medium 
confidence) and between 1.3°C and 1.7°C in SSP3 (medium confidence). The transition from high 
to very high risk occurs between 2°C and 2.7°C for SSP3 (medium confidence). {7.2, Figure 
SPM.2b} 

A6.5  Urban expansion is projected to lead to conversion of cropland leading to losses in food 
production (high confidence). This can result in additional risks to the food system. Strategies for 
reducing these impacts can include urban and peri-urban food production and management of 
urban expansion, as well as urban green infrastructure that can reduce climate risks in cities32 (high 
confidence). {4.9.1, 5.5, 5.6, 6.3, 6.4, 7.5.6} (Figure SPM3) 

32 The land systems considered in this report do not include urban ecosystem dynamics in detail. Urban areas, urban 
expansion, and other urban processes and their relation to land-related processes are extensive, dynamic, and complex. 
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B. Adaptation and mitigation response options

B 1.  Many land-related responses that contribute to climate change adaptation and 
mitigation can also combat desertification and land degradation and enhance food security. 
The potential for land-related responses and the relative emphasis on adaptation and 
mitigation is context specific, including the adaptive capacities of communities and regions. 
While land-related response options can make important contributions to adaptation and 
mitigation, there are some barriers to adaptation and limits to their contribution to global 
mitigation. (very high confidence) {2.6, 4.8, 5.6, 6.1, 6.3, 6.4, Figure SPM.3} 

B1.1.          Some land-related actions are already being taken that contribute to climate change 
adaptation, mitigation and sustainable development. The response options were assessed across 
adaptation, mitigation, combating desertification and land degradation, food security and 
sustainable development, and a select set of options deliver across all of these challenges. These 
options include, but are not limited to, sustainable food production, improved and sustainable 
forest management, soil organic carbon management, ecosystem conservation and land 
restoration, reduced deforestation and degradation, and reduced food loss and waste (high 
confidence). These response options require integration of biophysical, socioeconomic and other 
enabling factors. {6.3, 6.4.5; Cross-Chapter Box 10 in Chapter 7} 

B1.2.   While some response options have immediate impact, others take decades to deliver 
measurable results. Examples of response options with immediate impacts include the 
conservation of high-carbon ecosystems such as peatlands, wetlands, rangelands, mangroves and 
forests. Examples that provide multiple ecosystem services and functions, but take more time to 
deliver, include afforestation and reforestation as well as the restoration of high-carbon 
ecosystems, agroforestry, and the reclamation of degraded soils (high confidence). {6.4.5; Cross-
Chapter Box 10 in Chapter 7}  

B1.3.   The successful implementation of response options depends on consideration of 
local environmental and socio-economic conditions. Some options such as soil carbon 
management are potentially applicable across a broad range of land use types, whereas the efficacy 
of land management practices relating to organic soils, peatlands and wetlands, and those linked 
to freshwater resources, depends on specific agro-ecological conditions (high confidence). Given 

Several issues addressed in this report such as population, growth, incomes, food production and consumption, food 
security, and diets have close relationships with these urban processes. Urban areas are also the setting of many 
processes related to land-use change dynamics, including loss of ecosystem functions and services, that can lead to 
increased disaster risk. Some specific urban issues are assessed in this report. 
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the site-specific nature of climate change impacts on food system components and wide variations 
in agroecosystems, adaptation and mitigation options and their barriers are linked to environmental 
and cultural context at regional and local levels (high confidence). Achieving land degradation 
neutrality depends on the integration of multiple responses across local, regional and national 
scales, multiple sectors including agriculture, pasture, forest and water (high confidence). {4.8, 
6.2, 6.3, 6.4.4} 

B1.4.   Land based options that deliver carbon sequestration in soil or vegetation, such as 
afforestation, reforestation, agroforestry, soil carbon management on mineral soils, or carbon 
storage in harvested wood products do not continue to sequester carbon indefinitely (high 
confidence). Peatlands, however, can continue to sequester carbon for centuries (high confidence). 
When vegetation matures or when vegetation and soil carbon reservoirs reach saturation, the 
annual removal of CO2 from the atmosphere declines towards zero, while carbon stocks can be 
maintained (high confidence). However, accumulated carbon in vegetation and soils is at risk from 
future loss (or sink reversal) triggered by disturbances such as flood, drought, fire, or pest 
outbreaks, or future poor management (high confidence). {6.4.1}  

B 2.  Most of the response options assessed contribute positively to sustainable 
development and other societal goals (high confidence). Many response options can be 
applied without competing for land and have the potential to provide multiple co-benefits 
(high confidence). A further set of response options has the potential to reduce demand for 
land, thereby enhancing the potential for other response options to deliver across each of 
climate change adaptation and mitigation, combating desertification and land degradation, 
and enhancing food security (high confidence). {4.8, 6.2, 6.3.6, 6.4.3; Figure SPM.3} 

B2.1.  A number of land management options, such as improved management of cropland 
and grazing lands, improved and sustainable forest management, and increased soil organic carbon 
content, do not require land use change and do not create demand for more land conversion (high 
confidence). Further, a number of response options such as increased food productivity, dietary 
choices and food losses and waste reduction, can reduce demand for land conversion, thereby 
potentially freeing land and creating opportunities for enhanced implementation of other response 
options (high confidence). Response options that reduce competition for land are possible and are 
applicable at different scales, from farm to regional (high confidence). {4.8, 6.3.6, 6.4; Figure 
SPM.3} 

B2.2.  A wide range of adaptation and mitigation responses, e.g. preserving and restoring 
natural ecosystems such as peatland, coastal lands and forests, biodiversity conservation, reducing 
competition for land, fire management, soil management, and most risk management options (e.g. 
use of local seeds, disaster risk management, risk sharing instruments) have the potential to make 
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positive contributions to sustainable development, enhancement of ecosystem functions and 
services and other societal goals (medium confidence). Ecosystem-based adaptation can, in some 
contexts, promote nature conservation while alleviating poverty and even provide co-benefits by 
removing greenhouse gases and protecting livelihoods (e.g. mangroves) (medium confidence). 
{6.4.3, 7.4.6.2} 

B2.3.  Most of the land management-based response options that do not increase 
competition for land, and almost all options based on value chain management (e.g. dietary 
choices, reduced post-harvest losses, reduced food waste) and risk management, can contribute to 
eradicating poverty and eliminating hunger while promoting good health and wellbeing, clean 
water and sanitation, climate action, and life on land (medium confidence). {6.4.3}  

B 3.   Although most response options can be applied without competing for 
available land, some can increase demand for land conversion (high confidence). At the 
deployment scale of several GtCO2yr-1, this increased demand for land conversion could lead 
to adverse side effects for adaptation, desertification, land degradation and food security 
(high confidence). If applied on a limited share of total land and integrated into sustainably 
managed landscapes, there will be fewer adverse side-effects and some positive co-benefits 
can be realised (high confidence). {4.5, 6.2, 6.4; Cross-Chapter Box 7 in Chapter 6; Figure 
SPM.3} 

B3.1.  If applied at scales necessary to remove CO2 from the atmosphere at the level of 
several GtCO2yr-1, afforestation, reforestation and the use of land to provide feedstock for 
bioenergy with or without carbon capture and storage, or for biochar, could greatly increase 
demand for land conversion (high confidence). Integration into sustainably managed landscapes at 
appropriate scale can ameliorate adverse impacts (medium confidence). Reduced grassland 
conversion to croplands, restoration and reduced conversion of peatlands, and restoration and 
reduced conversion of coastal wetlands affect smaller land areas globally, and the impacts on land 
use change of these options are smaller or more variable (high confidence). {Cross-Chapter Box 7 
in Chapter 6; 6.4; Figure SPM.3}  

B3.2.  While land can make a valuable contribution to climate change mitigation, there 
are limits to the deployment of land-based mitigation measures such as bioenergy crops or 
afforestation. Widespread use at the scale of several millions of km2 globally could increase risks 
for desertification, land degradation, food security and sustainable development (medium 
confidence). Applied on a limited share of total land, land-based mitigation measures that displace 
other land uses have fewer adverse side-effects and can have positive co-benefits for adaptation, 
desertification, land degradation or food security. (high confidence) {4.2, 4.5, 6.4; Cross-Chapter 
Box 7 in Chapter 6, Figure SPM3} 
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B3.3   The production and use of biomass for bioenergy can have co-benefits, adverse side 
effects, and risks for land degradation, food insecurity, GHG emissions and other environmental 
and sustainable development goals (high confidence). These impacts are context specific and 
depend on the scale of deployment, initial land use, land type, bioenergy feedstock, initial carbon 
stocks, climatic region and management regime, and other land-demanding response options can 
have a similar range of consequences (high confidence). The use of residues and organic waste as 
bioenergy feedstock can mitigate land use change pressures associated with bioenergy 
deployment, but residues are limited and the removal of residues that would otherwise be left on 
the soil could lead to soil degradation (high confidence). {2.6.1.5; Cross-Chapter Box 7 in Chapter 
6; Figure SPM3} 

B3.4.  For projected socioeconomic pathways with low population, effective land-use 
regulation, food produced in low-GHG emission systems and lower food loss and waste (SSP1), 
the transition from low to moderate risk to food security, land degradation and water scarcity in 
dry lands occur between 1 and 4 million km2 of bioenergy or BECCS (medium confidence). By 
contrast, in pathways with high population, low income and slow rates of technological change 
(SSP3), the transition from low to moderate risk occurs between 0.1 and 1 million km2 (medium 
confidence). {6.4; Cross-Chapter Box 7 in Chapter 6; Table SM7.6; Box SPM1} 

B 4.  Many activities for combating desertification can contribute to climate change 
adaptation with mitigation co-benefits, as well as to halting biodiversity loss with sustainable 
development co-benefits to society (high confidence). Avoiding, reducing and reversing 
desertification would enhance soil fertility, increase carbon storage in soils and biomass, 
while benefitting agricultural productivity and food security (high confidence). Preventing 
desertification is preferable to attempting to restore degraded land due to the potential for 
residual risks and maladaptive outcomes (high confidence). {3.6.1, 3.6.2, 3.6.3, 3.6.4, 3.7.1, 
3.7.2} 

B4.1.  Solutions that help adapt to and mitigate climate change while contributing to 
combating desertification are site and regionally specific and include inter alia: water harvesting 
and micro-irrigation, restoring degraded lands using drought-resilient ecologically appropriate 
plants; agroforestry and other agroecological and ecosystem-based adaptation practices (high 
confidence). {3.3, 3.6.1, 3.7.2, 3.7.5, 5.2, 5.6} 

B4.2.   Reducing dust and sand storms and sand dune movement can lessen the negative 
effects of wind erosion and improve air quality and health (high confidence). Depending on water 
availability and soil conditions, afforestation, tree planting and ecosystem restoration programs, 
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which aim for the creation of windbreaks in the form of “green walls”, and “green dams” using 
native and other climate resilient tree species with low water needs, can reduce sand storms, avert 
wind erosion, and contribute to carbon sinks, while improving micro-climates, soil nutrients and 
water retention (high confidence). {3.3, 3.6.1, 3.7.2, 3.7.5} 

B4.3.   Measures to combat desertification can promote soil carbon sequestration (high 
confidence). Natural vegetation restoration and tree planting on degraded land enriches, in the long 
term, carbon in the topsoil and subsoil (medium confidence). Modelled rates of carbon 
sequestration following the adoption of conservation agriculture practices in drylands depend on 
local conditions (medium confidence). If soil carbon is lost, it may take a prolonged period of time 
for carbon stocks to recover. {3.1.4, 3.3, 3.6.1, 3.6.3, 3.7.1, 3.7.2} 

B4.4     Eradicating poverty and ensuring food security can benefit from applying measures 
promoting land degradation neutrality (including avoiding, reducing and reversing land 
degradation) in rangelands, croplands and forests, which contribute to combating desertification, 
while mitigating and adapting to climate change within the framework of sustainable development. 
Such measures include avoiding deforestation and locally suitable practices including management 
of rangeland and forest fires (high confidence). {3.4.2, 3.6.1, 3.6.2, 3.6.3, 4.8.5}. 

B4.5 Currently there is a lack of knowledge of adaptation limits and potential maladaptation to 
combined effects of climate change and desertification. In the absence of new or enhanced 
adaptation options, the potential for residual risks and maladaptive outcomes is high (high 
confidence). Even when solutions are available, social, economic and institutional constraints 
could pose barriers to their implementation (medium confidence). Some adaptation options can 
become maladaptive due to their environmental impacts, such as irrigation causing soil salinisation 
or over extraction leading to ground-water depletion (medium confidence). Extreme forms of 
desertification can lead to the complete loss of land productivity, limiting adaptation options or 
reaching the limits to adaptation (high confidence). {Executive Summary Chapter 3, 3.6.4, 3.7.5, 
7.4.9}  

B4.6.  Developing, enabling and promoting access to cleaner energy sources and 
technologies can contribute to adaptation and mitigating climate change and combating 
desertification and forest degradation through decreasing the use of traditional biomass for energy 
while increasing the diversity of energy supply (medium confidence). This can have socioeconomic 
and health benefits, especially for women and children. (high confidence). The efficiency of wind 
and solar energy infrastructures is recognized; the efficiency can be affected in some regions by 
dust and sand storms (high confidence). {3.5.3, 3.5.4, 4.4.4, 7.5.2, Cross-Chapter Box 12 in 
Chapter 7} 
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B 5.  Sustainable land management33, including sustainable forest management34, 
can prevent and reduce land degradation, maintain land productivity, and sometimes 
reverse the adverse impacts of climate change on land degradation (very high confidence). It 
can also contribute to mitigation and adaptation (high confidence). Reducing and reversing 
land degradation, at scales from individual farms to entire watersheds, can provide cost 
effective, immediate, and long-term benefits to communities and support several Sustainable 
Development Goals (SDGs) with co-benefits for adaptation (very high confidence) and 
mitigation (high confidence). Even with implementation of sustainable land management, 
limits to adaptation can be exceeded in some situations (medium confidence). {1.3.2, 4.1.5, 
4.8, Table 4.2} 

B5.1.   Land degradation in agriculture systems can be addressed through sustainable land 
management, with an ecological and socioeconomic focus, with co-benefits for climate change 
adaptation. Management options that reduce vulnerability to soil erosion and nutrient loss include 
growing green manure crops and cover crops, crop residue retention, reduced/zero tillage, and 
maintenance of ground cover through improved grazing management (very high confidence). 
{4.8} 

B5.2.   The following options also have mitigation co-benefits. Farming systems such as 
agroforestry, perennial pasture phases and use of perennial grains, can substantially reduce erosion 
and nutrient leaching while building soil carbon (high confidence). The global sequestration 
potential of cover crops would be about 0.44 +/- 0.11 GtCO2 yr-1 if applied to 25% of global 
cropland (high confidence). The application of certain biochars can sequester carbon (high 
confidence), and improve soil conditions in some soil types/climates (medium confidence). 
{4.8.1.1, 4.8.1.3, 4.9.2, 4.9.5, 5.5.1, 5.5.4; Cross-Chapter Box 6 in Chapter 5}  

B5.3.  Reducing deforestation and forest degradation lowers GHG emissions (high 
confidence), with an estimated technical mitigation potential of 0.4–5.8 GtCO2 yr-1. By providing 
long-term livelihoods for communities, sustainable forest management can reduce the extent of 

33 Sustainable land management is defined in this report as the stewardship and use of land resources, including soils, 
water, animals and plants, to meet changing human needs, while simultaneously ensuring the long-term productive 
potential of these resources and the maintenance of their environmental functions. Examples of options include inter 
alia agroecology (including agroforestry), conservation agriculture and forestry practices, crop and forest species 
diversity, appropriate crop and forest rotations, organic farming, integrated pest management, the conservation of 
pollinators, rain water harvesting, range and pasture management, and precision agriculture systems. 
34 Sustainable forest management is defined in this report as the stewardship and use of forests and forest lands in a 
way, and at a rate, that maintains their biodiversity, productivity, regeneration capacity, vitality, and their potential to 
fulfill now and in the future, relevant ecological, economic and social functions at local, national and global levels 
and that does not cause damage to other ecosystems. 
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forest conversion to non-forest uses (e.g., cropland or settlements) (high confidence). Sustainable 
forest management aimed at providing timber, fibre, biomass, non-timber resources and other 
ecosystem functions and services, can lower GHG emissions and can contribute to adaptation. 
(high confidence). {2.6.1.2, 4.1.5, 4.3.2, 4.5.3, 4.8.1.3, 4.8.3, 4.8.4}   

B5.4.  Sustainable forest management can maintain or enhance forest carbon stocks, and 
can maintain forest carbon sinks, including by transferring carbon to wood products, thus 
addressing the issue of sink saturation (high confidence). Where wood carbon is transferred to 
harvested wood products, these can store carbon over the long-term and can substitute for 
emissions-intensive materials reducing emissions in other sectors (high confidence). Where 
biomass is used for energy, e.g., as a mitigation strategy, the carbon is released back into the 
atmosphere more quickly (high confidence). {2.6.1, 2.7, 4.1.5, 4.8.4, 6.4.1, Figure SPM.3, Cross-
Chapter Box 7 in Chapter 6} 

B5.5.  Climate change can lead to land degradation, even with the implementation of 
measures intended to avoid, reduce or reverse land degradation (high confidence). Such limits to 
adaptation are dynamic, site specific and are determined through the interaction of biophysical 
changes with social and institutional conditions (very high confidence). In some situations, 
exceeding the limits of adaptation can trigger escalating losses or result inundesirable 
transformational changes (medium confidence), such as forced migration (low confidence), 
conflicts (low confidence) or poverty (medium confidence). Examples of climate change induced 
land degradation that may exceed limits to adaptation include coastal erosion exacerbated by sea 
level rise where land disappears (high confidence), thawing of permafrost affecting infrastructure 
and livelihoods (medium confidence), and extreme soil erosion causing loss of productive capacity 
(medium confidence). {4.7, 4.8.5, 4.8.6, 4.9.6, 4.9.7, 4.9.8} 

B 6.   Response options throughout the food system, from production to 
consumption, including food loss and waste, can be deployed and scaled up to advance 
adaptation and mitigation (high confidence). The total technical mitigation potential from 
crop and livestock activities, and agroforestry is estimated as 2.3-9.6 GtCO2e.yr-1 by 2050 
(medium confidence). The total technical mitigation potential of dietary changes is estimated 
as 0.7-8 GtCO2e.yr-1 by 2050 (medium confidence). {5.3, 5.5, 5.6} 

B6.1.  Practices that contribute to climate change adaptation and mitigation in cropland 
include increasing soil organic matter, erosion control, improved fertiliser management, improved 
crop management, for example, paddy rice management, and use ofvarieties and genetic 
improvements for heat and drought tolerance. For livestock, options include better grazing land 
management, improved manure management, higher-quality feed, and use of breeds and genetic 
improvement. Different farming and pastoral systems can achieve reductions in the emissions 
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intensity of livestock products. Depending on the farming and pastoral systems and level of 
development, reductions in the emissions intensity of livestock products may lead to absolute 
reductions in GHG emissions (medium confidence). Many livestock related options can enhance 
the adaptive capacity of rural communities, in particular, of smallholders and pastoralists. 
Significant synergies exist between adaptation and mitigation, for example through sustainable 
land management approaches (high confidence). {4.8, 5.3.3, 5.5.1, 5.6}  

B6.2.  Diversification in the food system (e.g., implementation of integrated production 
systems, broad-based genetic resources, and diets) can reduce risks from climate change (medium 
confidence). Balanced diets, featuring plant-based foods, such as those based on coarse grains, 
legumes, fruits and vegetables, nuts and seeds, and animal-sourced food produced in resilient, 
sustainable and low-GHG emission systems, present major opportunities for adaptation and 
mitigation while generating significant co-benefits in terms of human health (high confidence). By 
2050, dietary changes could free several Mkm2 (medium confidence) of land and provide a 
technical mitigation potential of 0.7 to 8.0 GtCO2e yr-1, relative to business as usual projections 
(high confidence). Transitions towards low-GHG emission diets may be influenced by local 
production practices, technical and financial barriers and associated livelihoods and cultural habits 
(high confidence).  {5.3, 5.5.2, 5.5, 5.6} 

B6.3.  Reduction of food loss and waste can lower GHG emissions and contribute to 
adaptation through reduction in the land area needed for food production (medium confidence). 
During 2010-2016, global food loss and waste contributed 8-10% of total anthropogenic GHG 
emissions (medium confidence). Currently, 25-30% of total food produced is lost or wasted 
(medium confidence). Technical options such as improved harvesting techniques, on-farm storage, 
infrastructure, transport, packaging, retail and education can reduce food loss and waste across the 
supply chain. Causes of food loss and waste differ substantially between developed and developing 
countries, as well as between regions (medium confidence). {5.5.2} By 2050, reduced food loss 
and waste can free several Mkm2 of land (low confidence). {6.3.6} 

B 7.  Future land use depends, in part, on the desired climate outcome and the 
portfolio of response options deployed (high confidence). All assessed modelled pathways 
that limit warming to 1.5ºC or well below 2°C require land-based mitigation and land-use 
change, with most including different combinations of reforestation, afforestation, reduced 
deforestation, and bioenergy (high confidence). A small number of modelled pathways 
achieve 1.5ºC with reduced land conversion (high confidence) and, thus, reduced 
consequences for desertification, land degradation, and food security (medium confidence). 
{2.6, 6.4, 7.4, 7.6; Cross-Chapter Box 9 in Chapter 6; Figure SPM.4} 
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B7.1.  Modelled pathways limiting global warming to 1.5ºC35 include more land-based 
mitigation than higher warming level pathways (high confidence), but the impacts of climate 
change on land systems in these pathways are less severe (medium confidence). {2.6, 6.4, 7.4, 
Cross-Chapter Box 9 in Chapter 6, Figure SPM.2, Figure SPM.4} 

B7.2.  Modelled pathways limiting global warming to 1.5°C and 2ºC project a 2 million 
km2 reduction to a 12 million km2 increase in forest area in 2050 relative to 2010 (medium 
confidence). 3ºC pathways project lower forest areas, ranging from a 4 million km2 reduction to a 
6 million km2 increase (medium confidence). {2.5, 6.3, 7.3, 7.5; Cross-Chapter Box 9 in Chapter 
6; Figure SPM.3, Figure SPM.4} 

B7.3.  The land area needed for bioenergy in modelled pathways varies significantly 
depending on the socioeconomic pathway, the warming level, and the feedstock and production 
system used (high confidence). Modelled pathways limiting global warming to 1.5°C use up to 7 
million km2 for bioenergy in 2050; bioenergy land area is smaller in 2°C (0.4 to 5 million km2) 
and 3°C pathways (0.1 to 3 million km2) (medium confidence). Pathways with large levels of land 
conversion may imply adverse side-effects impacting water scarcity, biodiversity, land 
degradation, desertification, and food security, if not adequately and carefully managed, whereas 
best practice implementation at appropriate scales can have co-benefits, such as management of 
dryland salinity, enhanced biocontrol and biodiversity and enhancing soil carbon sequestration 
(high confidence). {2.6, 6.1, 6.4, 7.2; Cross-Chapter Box 7 in Chapter 6, Figure SPM.3} 

B7.4.  Most mitigation pathways include substantial deployment of bioenergy 
technologies. A small number of modelled pathways limit warming to 1.5ºC with reduced 
dependence on bioenergy and BECCS (land area below <1 million km2 in 2050) and other carbon 
dioxide removal (CDR) options (high confidence). These pathways have even more reliance on 
rapid and far-reaching transitions in energy, land, urban systems and infrastructure, and on 
behavioural and lifestyle changes compared to other 1.5°C pathways. {2.6.2, 5.5.1, 6.4, Cross-
Chapter Box 7 in Chapter 6 

B7.5.     These modelled pathways do not consider the effects of climate change on land or 
CO2 fertilisation. In addition, these pathways include only a subset of the response options assessed 
in this report (high confidence); the inclusion of additional response options in models could 
reduce the projected need for bioenergy or CDR that increases the demand for land. {6.4.4, Cross-
Chapter Box 9 in Chapter 6} 

35 In this report references to pathways limiting global warming to a particular level are based on a 66% probability 
of staying below that temperature level in 2100 using the MAGICC model. 
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Panel A shows response options that can be implemented without or with limited competition for land, including some that have the 
potential to reduce the demand for land. Co-benefits and adverse side e�ects are shown quantitatively based on the high end of the 
range of potentials assessed. Magnitudes of contributions are categorised using thresholds for positive or negative impacts. Letters 
within the cells indicate confidence in the magnitude of the impact relative to the thresholds used (see legend). Confidence in the 
direction of change is generally higher.

Potential global contribution of response options to mitigation, adaptation, 
combating desertification and land degradation, and enhancing food security

Final draft SPM IPCC SRCCL

Page | 28



Panel B shows response options that rely on additional land-use change and could have implications across three or more land 
challenges under di�erent implementation contexts. For each option, the first row  (high level implementation) shows a quantitative 
assessment (as in Panel A) of implications for global implementation at scales delivering CO2 removals of more than 3 GtCO2 yr-1 using 
the magnitude thresholds shown in Panel A. The red hatched cells indicate an increasing pressure but unquantified impact. For each 
option, the second row (best practice implementation) shows qualitative estimates of impact if implemented using best practices in 
appropriately managed landscape systems that allow for e�icient and sustainable resource use and supported by appropriate 
governance mechanisms. In these qualitative assessments, green indicates a positive impact, grey indicates a neutral interaction. 

Potential global contribution of response options to mitigation, adaptation, 
combating desertification and land degradation, and enhancing food security

Mitigation Adaptation Desertification Land degradation Food security Cost

Mitigation Adaptation Desertification Land degradation Food security

Bioenergy and BECCS

High level: Impacts on adaptation, desertification, land degradation and food security are maximum potential impacts, assuming carbon dioxide removal by BECCS at 
a scale of 11.3 GtCO2 yr-1 in 2050, and noting that bioenergy without CCS can also achieve emissions reductions of up to several GtCO2 yr-1 when it is a low carbon energy 
source {2.7.1.5; 6.4.1.1.5}. Studies linking bioenergy to food security estimate an increase in the population at risk of hunger to up to 150 million people at this level of 
implementation {6.4.5.1.5}. The red hatched cells for desertification and land degradation indicate that while up to 15 million km2 of additional land is required in 2100 
in 2°C scenarios which will increase pressure for desertification and land degradation, the actual area a�ected by this additional pressure is not easily quantified 
{6.4.3.1.5; 6.4.4.1.5}. 
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Best practice: The sign and magnitude of the e�ects of bioenergy and BECCS depends on the scale of deployment, the type of bioenergy feedstock, which other 
response options are included, and where bioenergy is grown (including prior land use and indirect land use change emissions). For example, limiting bioenergy 
production to marginal lands or abandoned cropland would have negligible e�ects on biodiversity, food security, and potentially co-benefits for land degradation; 
however, the benefits for mitigation could also be smaller. {Table 6.58}
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Mitigation Adaptation Desertification Land degradation Food security
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High level: Impacts on adaptation, desertification, land degradation and food security are maximum potential impacts assuming implementation of reforestation and 
forest restoration (partly overlapping with a�orestation) at a scale of 10.1 GtCO2 yr-1 removal {6.4.1.1.2}. Large-scale a�orestation could cause increases in food prices of 
80% by 2050, and more general mitigation measures in the AFOLU sector can translate into a rise in undernourishment of 80–300 million people; the impact of 
reforestation is lower {6.4.5.1.2}.

Best practice: There are co-benefits of reforestation and forest restoration in previously forested areas, assuming small scale deployment using native species and 
involving local stakeholders to provide a safety net for food security. Examples of sustainable implementation include, but are not limited to, reducing illegal logging 
and halting illegal forest loss in protected areas, reforesting and restoring forests in degraded and desertified lands {Box6.1C; Table 6.6}.
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A�orestation

High level: Impacts on adaptation, desertification, land degradation and food security are maximum potential impacts assuming implementation of a�orestation 
(partly overlapping with reforestation and forest restoration) at a scale of 8.9 GtCO2 yr-1 removal {6.4.1.1.2}. Large-scale a�orestation could cause increases in food prices 
of 80% by 2050, and more general mitigation measures in the AFOLU sector can translate into a rise in undernourishment of 80–300 million people {6.4.5.1.2}.

Best practice: A�orestation is used to prevent desertification and to tackle land degradation. Forested land also o�ers benefits in terms of food supply, especially when 
forest is established on degraded land, mangroves, and other land that cannot be used for agriculture. For example, food from forests represents a safety-net during 
times of food and income insecurity {6.4.5.1.2}.

Mitigation Adaptation Desertification Land degradation Food security Cost
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Biochar addition to soil

High level: Impacts on adaptation, desertification, land degradation and food security are maximum potential impacts assuming implementation of a�orestation at a 
scale of 6.6 GtCO2 yr-1 removal {6.4.1.1.3}. Dedicated energy crops required for feedstock production could occupy 0.4–2.6 Mkm2 of land, equivalent to around 20% of 
the global cropland area, which could potentially have a large e�ect on food security for up to 100 million people {6.4.5.1.3}.

Best practice: When applied to land, biochar could provide moderate benefits for food security by improving yields by 25% in the tropics, but with more limited 
impacts in temperate regions, or through improved water holding capacity and nutrient use e�iciency. Abandoned cropland could be used to supply biomass for 
biochar, thus avoiding competition with food production; 5-9 Mkm2 of land is estimated to be available for biomass production without compromising food security 
and biodiversity, considering marginal and degraded land and land released by pasture intensification {6.4.5.1.3}.
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Figure SPM.3 Potential global contribution of response options to mitigation, adaptation, 
combating desertification and land degradation, and enhancing food security.  

This Figure is based on an aggregation of information from studies with a wide variety of assumptions about how 
response options are implemented and the contexts in which they occur. Response options implemented differently at 
local to global scales could lead to different outcomes. Magnitude of potential: For panel A, magnitudes are for the 
technical potential of response options globally. For each land challenge, magnitudes are set relative to a marker level 
as follows. For mitigation, potentials are set relative to the approximate potentials for the response options with the 
largest individual impacts (~3 GtCO2-eq yr-1). The threshold for the “large” magnitude category is set at this level. 
For adaptation, magnitudes are set relative to the 100 million lives estimated to be affected by climate change and a 
carbon-based economy between 2010 and 2030. The threshold for the “large” magnitude category represents 25% of 
this total. For desertification and land degradation, magnitudes are set relative to the lower end of current estimates of 
degraded land, 10-60 million km2. The threshold for the “large” magnitude category represents 30% of the lower 
estimate. For food security, magnitudes are set relative to the approximately 800 million people who are currently 
undernourished. The threshold for the “large” magnitude category represents 12.5% of this total. For panel B, for the 
first row (high level implementation) for each response option, the magnitude and thresholds are as defined for panel 
A. In the second row (best practice implementation) for each response option, the qualitative assessments that are
green denote potential positive impacts, and those shown in grey indicate neutral interactions. Increased food
production is assumed to be achieved through sustainable intensification rather than through injudicious application
of additional external inputs such as agrochemicals. Levels of confidence: Confidence in the magnitude category
(high, medium or low) into which each option falls for mitigation, adaptation, combating desertification and land
degradation, and enhancing food security. High confidence means that there is a high level of agreement and evidence
in the literature to support the categorisation as high, medium or low magnitude. Low confidence denotes that the
categorisation of magnitude is based on few studies. Medium confidence reflects medium evidence and agreement in
the magnitude of response. Cost ranges: Cost estimates are based on aggregation of often regional studies and vary
in the components of costs that are included. In panel B, cost estimates are not provided for best practice
implementation. One coin indicates low cost (<USD10 tCO2-eq-1 or <USD20 ha-1), two coins indicate medium cost
(USD10-USD100 tCO2-eq-1 or USD20-USD200 ha-1), and three coins indicate high cost (>USD100 tCO2-eq-1 or
USD200 ha-1). Thresholds in USD ha-1 are chosen to be comparable, but precise conversions will depend on the
response option. Supporting evidence: Supporting evidence for the magnitude of the quantitative potential for land
management-based response options can be found as follows: for mitigation tables 6.13 to 6.20, with further evidence
in Section 2.7.1; for adaptation tables 6.21 to 6.28; for combating desertification tables 6.29 to 6.36, with further
evidence in Chapter 3; for combating degradation tables 6.37 to 6.44, with further evidence in Chapter 4; for enhancing
food security tables 6.45 to 6.52, with further evidence in Chapter 5. Other synergies and trade-offs not shown here
are discussed in Chapter 6. Additional supporting evidence for the qualitative assessments in the second row for each
option in panel B can be found in the tables 6.6, 6.55, 6.56 and 6.58, section 6.3.5.1.3, and Box 6.1c.
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C. Enabling response options

C 1.  Appropriate design of policies, institutions and governance systems at all 
scales can contribute to land-related adaptation and mitigation while facilitating the pursuit 
of climate-adaptive development pathways (high confidence). Mutually supportive climate 
and land policies have the potential to save resources, amplify social resilience, support 
ecological restoration, and foster engagement and collaboration between multiple 
stakeholders (high confidence). {Figure SPM.1, Figure SPM.2, Figure SPM.3; 3.6.2, 3.6.3, 
4.8, 4.9.4, 5.7, 6.3, 6.4, 7.2.2, 7.3, 7.4, 7.4.7, 7.4.8, 7.5, 7.5.5, 7.5.6, 7.6.6; Cross-Chapter Box 10 
in Chapter 7} 

C1.1.  Land-use zoning, spatial planning, integrated landscape planning, regulations, 
incentives (such as payment for ecosystem services), and voluntary or persuasive instruments 
(such as environmental farm planning, standards and certification for sustainable production, use 
of scientific, local and indigenous knowledge and collective action), can achieve positive 
adaptation and mitigation outcomes (medium confidence). They can also contribute revenue and 
provide incentive to rehabilitate degraded lands and adapt to and mitigate climate change in certain 
contexts (medium confidence). Policies promoting the target of land degradation neutrality can 
also support food security, human wellbeing and climate change adaptation and mitigation (high 
confidence). {Figure SPM.2; 3.4.2, 4.1.6, 4.7, 4.8.5, 5.1.2, 5.7.3, 7.3, 7.4.6, 7.4.7, 7.5} 

C1.2.  Insecure land tenure affects the ability of people, communities and organisations to 
make changes to land that can advance adaptation and mitigation (medium confidence). Limited 
recognition of customary access to land and ownership of land can result in increased vulnerability 
and decreased adaptive capacity (medium confidence). Land policies (including recognition of 
customary tenure, community mapping, redistribution, decentralisation, co-management, 
regulation of rental markets) can provide both security and flexibility response to climate change 
(medium confidence). {3.6.1, 3.6.2, 5.3, 7.2.4, 7.6.4, Cross-Chapter Box 6 in Chapter 5}  

C1.3.   Achieving land degradation neutrality will involve a balance of measures that avoid 
and reduce land degradation, through adoption of sustainable land management, and measures to 
reverse degradation through rehabilitation and restoration of degraded land. Many interventions to 
achieve land degradation neutrality commonly also deliver climate change adaptation and 
mitigation benefits. The pursuit of land degradation neutrality provides impetus to address land 
degradation and climate change simultaneously (high confidence). {4.5.3, 4.8.5, 4.8.7, 7.4.5} 
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C1.4.  Due to the complexity of challenges and the diversity of actors involved in 
addressing land challenges, a mix of policies, rather than single policy approaches, can deliver 
improved results in addressing the complex challenges of sustainable land management and 
climate change (high confidence). Policy mixes can strongly reduce the vulnerability and exposure 
of human and natural systems to climate change (high confidence).  Elements of such policy mixes 
may include weather and health insurance, social protection and adaptive safety nets, contingent 
finance and reserve funds, universal access to early warning systems combined with effective 
contingency plans (high confidence). {1.2, 4.8, 4.9.2, 5.3.2, 5.6, 5.6.6, 5.7.2, 7.3.2, 7.4, 7.4.2, 7.4.6, 
7.4.7, 7.4.8, 7.5.5, 7.5.6, 7.6.4, Figure SPM.4}  

C2.  Policies that operate across the food system, including those that reduce food 
loss and waste and influence dietary choices, enable more sustainable land-use management, 
enhanced food security and low emissions trajectories (high confidence). Such policies can 
contribute to climate change adaptation and mitigation, reduce land degradation, 
desertification and poverty as well as improve public health (high confidence). The adoption 
of sustainable land management and poverty eradication can be enabled by improving access 
to markets, securing land tenure, factoring environmental costs into food, making payments 
for ecosystem services, and enhancing local and community collective action (high 
confidence). {1.1.2, 1.2.1, 3.6.3, 4.7.1, 4.7.2, 4.8, 5.5, 6.4, 7.4.6, 7.6.5}  

C2.1.  Policies that enable and incentivise sustainable land management for climate 
change adaptation and mitigation include improved access to markets for inputs, outputs and 
financial services, empowering women and indigenous peoples, enhancing local and community 
collective action, reforming subsidies and promoting an enabling trade system (high confidence). 
Land restoration and rehabilitation efforts can be more effective when policies support local 
management of natural resources, while strengthening cooperation between actors and institutions, 
including at the international level. {3.6.3, 4.1.6, 4.5.4, 4.8.2, 4.8.4, 5.7, 7.2}   

C2.2.  Reflecting the environmental costs of land-degrading agricultural practices can 
incentivise more sustainable land management (high confidence). Barriers to the reflection of 
environmental costs arise from technical difficulties in estimating these costs and those embodied 
in foods. {3.6.3, 5.5.1, 5.5.2, 5.6.6, 5.7, 7.4.4, Cross-Chapter Box 10 in Chapter 7}  

C2.3.  Adaptation and enhanced resilience to extreme events impacting food systems can 
be facilitated by comprehensive risk management, including risk sharing and transfer mechanisms 
(high confidence). Agricultural diversification, expansion of market access, and preparation for 
increasing supply chain disruption can support the scaling up of adaptation in food systems (high 
confidence). {5.3.2, 5.3.3, 5.3.5} 
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C2.4.  Public health policies to improve nutrition, such as increasing the diversity of food 
sources in public procurement, health insurance, financial incentives, and awareness-raising 
campaigns, can potentially influence food demand, reduce healthcare costs, contribute to lower 
GHG emissions and enhance adaptive capacity (high confidence). Influencing demand for food, 
through promoting diets based on public health guidelines, can enable more sustainable land 
management and contribute to achieving multiple SDGs (high confidence). {3.4.2, 4.7.2, 5.1, 5.7, 
6.3, 6.4} 

C 3.  Acknowledging co-benefits and trade-offs when designing land and food 
policies can overcome barriers to implementation (medium confidence). Strengthened 
multilevel, hybrid and cross-sectoral governance, as well as policies developed and adopted 
in an iterative, coherent, adaptive and flexible manner can maximise co-benefits and 
minimise trade-offs, given that land management decisions are made from farm level to 
national scales, and both climate and land policies often range across multiple sectors, 
departments and agencies (high confidence). {Figure SPM.3; 4.8.5, 4.9, 5.6, 6.4, 7.3, 7.4.6, 
7.4.8, 7.4.9, 7.5.6, 7.6.2} 

C3.1.  Addressing desertification, land degradation, and food security in an integrated, 
coordinated and coherent manner can assist climate resilient development and provides numerous 
potential co-benefits (high confidence). {3.7.5, 4.8, 5.6, 5.7, 6.4, 7.2.2, 7.3.1, 7.3.4, 7.4.7, 7.4.8, 
7.5.6, 7.5.5} 

C3.2.  Technological, biophysical, socio-economic, financial and cultural barriers can 
limit the adoption of many land-based response options, as can uncertainty about benefits (high 
confidence). Many sustainable land management practices are not widely adopted due to insecure 
land tenure, lack of access to resources and agricultural advisory services, insufficient and unequal 
private and public incentives, and lack of knowledge and practical experience (high confidence). 
Public discourse, carefully designed policy interventions, incorporating social learning and market 
changes can together help reduce barriers to implementation (medium confidence). {3.6.1, 3.6.2, 
5.3.5, 5.5.2, 5.6, 6.2, 6.4, 7.4, 7.5, 7.6} 

C3.3.  The land and food sectors face particular challenges of institutional fragmentation 
and often suffer from a lack of engagement between stakeholders at different scales and narrowly 
focused policy objectives (medium confidence). Coordination with other sectors, such as public 
health, transportation, environment, water, energy and infrastructure, can increase co-benefits, 
such as risk reduction and improved health (medium confidence). {5.6.3, 5.7, 6.2, 6.4.4, 7.1, 7.3, 
7.4.8, 7.6.2, 7.6.3} 
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C3.4.   Some response options and policies may result in trade-offs, including social 
impacts, ecosystem functions and services damage, water depletion, or high costs, that cannot be 
well-managed, even with institutional best practices (medium confidence). Addressing such trade-
offs helps avoid maladaptation (medium confidence). Anticipation and evaluation of potential 
trade-offs and knowledge gaps supports evidence-based policymaking to weigh the costs and 
benefits of specific responses for different stakeholders (medium confidence). Successful 
management of trade-offs often includes maximising stakeholder input with structured feedback 
processes, particularly in community-based models, use of innovative fora like facilitated 
dialogues or spatially explicit mapping, and iterative adaptive management that allows for 
continuous readjustments in policy as new evidence comes to light (medium confidence). {5.3.5, 
6.4.2, 6.4.4, 6.4.5, 7.5.6; Cross-Chapter Box 13 in Chapter 7}  

C 4.  The effectiveness of decision-making and governance is enhanced by the 
involvement of local stakeholders (particularly those most vulnerable to climate change 
including indigenous peoples and local communities, women, and the poor and marginalised) 
in the selection, evaluation, implementation and monitoring of policy instruments for land-
based climate change adaptation and mitigation (high confidence). Integration across sectors 
and scales increases the chance of maximising co-benefits and minimising trade-offs (medium 
confidence). {1.4, 3.1, 3.6, 3.7, 4.8, 4.9, 5.1.3, Box 5.1, 7.4, 7.6}  

C4.1.  Successful implementation of sustainable land management practices requires 
accounting for local environmental and socio-economic conditions (very high confidence). 
Sustainable land management in the context of climate change is typically advanced by involving 
all relevant stakeholders in identifying land-use pressures and impacts (such as biodiversity 
decline, soil loss, over-extraction of groundwater, habitat loss, land-use change in agriculture, food 
production and forestry) as well as preventing, reducing and restoring degraded land (medium 
confidence). {1.4.1, 4.1.6, 4.8.7, 5.2.5, 7.2.4, 7.6.2, 7.6.4}  

C4.2.  Inclusiveness in the measurement, reporting and verification of the performance of 
policy instruments can support sustainable land management (medium confidence). Involving 
stakeholders in the selection of indicators, collection of climate data, land modelling and land-use 
planning, mediates and facilitates integrated landscape planning and choice of policy (medium 
confidence). {3.7.5, 5.7.4, 7.4.1, 7.4.4, 7.5.3, 7.5.4, 7.5.5, 7.6.4, 7.6.6}   

C4.3.  Agricultural practices that include indigenous and local knowledge can contribute 
to overcoming the combined challenges of climate change, food security, biodiversity 
conservation, and combating desertification and land degradation (high confidence). Coordinated 
action across a range of actors including businesses, producers, consumers, land managers and 
policymakers in partnership with indigenous peoples and local communities enable conditions for 
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the adoption of response options (high confidence) {3.1.3, 3.6.1, 3.6.2, 4.8.2, 5.5.1, 5.6.4, 5.7.1, 
5.7.4, 6.2, 7.3, 7.4.6, 7.6.4} 

C4.4.  Empowering women can bring synergies and co-benefits to household food 
security and sustainable land management (high confidence). Due to women’s disproportionate 
vulnerability to climate change impacts, their inclusion in land management and tenure is 
constrained. Policies that can address land rights and barriers to women’s participation in 
sustainable land management include financial transfers to women under the auspices of anti-
poverty programmes, spending on health, education, training and capacity building for women, 
subsidised credit and program dissemination through existing women’s community-based 
organisations (medium confidence). {1.4.1, 4.8.2, 5.1.3, Box 5.1, Cross-Chapter Box 11 in Chapter 
7}.   
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A. Sustainability-focused (SSP1)
Sustainability in land management, 
agricultural intensification,  production 
and consumption patterns result in 
reduced need for agricultural land, 
despite increases in per capita food 
consumption. This land can instead be 
used for reforestation, a�orestation, and 
bioenergy.

B. Middle of the road (SSP2 )
Societal as well as technological 
development follows historical patterns. 
Increased demand for land mitigation 
options such as bioenergy, reduced 
deforestation or a�orestation decreases 
availability of agricultural land for food, 
feed and fibre.

Socioeconomic development and land management influence the evolution of the land system including the relative amount of land 
allocated to CROPLAND, PASTURE, BIOENERGY CROPLAND, FOREST, and NATURAL LAND. The lines show the median across Integrated 
Assessment Models (IAMs) for three alternative shared socioeconomic pathways (SSP1, SSP2 and SSP5 at RCP1.9); shaded areas show 
the range across models. Note that pathways illustrate the e�ects of climate change mitigation but not those of climate change impacts 
or adaptation.

A. Pathways linking socioeconomic development, mitigation responses and land
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C. Resource intensive (SSP5)
Resource-intensive production and 
consumption patterns,  results in high 
baseline emissions. Mitigation focuses on 
technological solutions including 
substantial bioenergy and BECCS . 
Intensification and competing land uses 
contribute to declines in agricultural land. 

CROPLAND PASTURE BIOENERGY CROPLAND FOREST NATURAL LAND

SSP1 Sustainability-focused
Change in Land from 2010 (Mkm2)

SSP2 Middle of the road
Change in Land from 2010 (Mkm2)

SSP5 Resource intensive
Change in Land from 2010 (Mkm2)



SSP1

Change in Pasture
from 2010

Mkm2 

Change in Forest
from 2010

Mkm2 

Change in Cropland
from 2010

Mkm2 

Change in Bioenergy
Cropland from 2010 

Mkm2 

Change in Natural
Land from 2010

Mkm2

B. Land use and land cover change in the SSPs
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Figure SPM.4 Pathways linking socioeconomic development, mitigation responses and land 

Future scenarios provide a framework for understanding the implications of mitigation and socioeconomics on land. 
The Shared Socioeconomic Pathways (SSPs) span a range of different socioeconomic assumptions (Box SPM.1). 
They are combined with Representative Concentration Pathways (RCPs)36which imply different levels of mitigation. 
The changes in cropland, pasture, bioenergy cropland, forest, and natural land from 2010 are shown. For this figure: 
Cropland includes all land in food, feed, and fodder crops, as well as other arable land (cultivated area). This category 
includes 1st generation non-forest bioenergy crops (e.g. corn for ethanol, sugar cane for ethanol, soybeans for 
biodiesel), but excludes 2nd generation bioenergy crops. Pasture includes categories of pasture land, not only high 
quality rangeland, and is based on FAO definition of "permanent meadows and pastures". Bioenergy cropland includes 
land dedicated to 2nd generation energy crops (e.g., switchgrass, miscanthus, fast-growing wood species). Forest 
includes managed and unmanaged forest. Natural land includes other grassland, savannah, and shrubland. Panel A: 
This panel shows integrated assessment model (IAM)37 results for SSP1, SSP2 and SSP5 at RCP1.938. For each 
pathway, the shaded areas show the range across all IAMs; the line indicates the median across models. For RCP1.9, 
SSP1, SSP2 and SSP5 include results from five, four and two IAMs respectively. Panel B: Land use and land cover 
change are indicated for various SSP-RCP combinations, showing multi-model median and range (min, max). {Box 
SPM.1, 1.3.2, Cross-Chapter Box 1 in Chapter 1, 2.7.2, Cross-Chapter Box 9 in Chapter 6, 6.1, 6.4.4, 7.4.2, 7.4.4, 
7.4.5, 7.4.6, 7.4.7, 7.4.8, 7.5.3, 7.5.6; Cross-Chapter Box 9 in Chapter 6} 

D. Action in the near-term

D 1.   Actions can be taken in the near-term, based on existing knowledge, to address 
desertification, land degradation and food security while supporting longer-term responses 
that enable adaptation and mitigation to climate change. These include actions to build 
individual and institutional capacity, accelerate knowledge transfer, enhance technology 
transfer and deployment, enable financial mechanisms, implement early warning systems, 
undertake risk management and address gaps in implementation and upscaling (high 
confidence). {3.6.1, 3.6.2, 3.7.2, 4.8, 5.3.3, 5.5, 5.6.4, 5.7, 6.2, 6.4, 7.3, 7.4.9, 7.6; Cross-Chapter 
Box 10 in Chapter 7} 

D1.1.  Near-term capacity-building, technology transfer and deployment, and enabling 
financial mechanisms can strengthen adaptation and mitigation in the land sector. Knowledge and 
technology transfer can help enhance the sustainable use of natural resources for food security 
under a changing climate (medium confidence). Raising awareness, capacity building and 
education about sustainable land management practices, agricultural extension and advisory 

36 Representative Concentration Pathways (RCPs) are scenarios that include timeseries of emissions and 
concentrations of the full suite of greenhouse gases (GHGs) and aerosols and chemically active gases, as well as land 
use/land cover”. 
37 Integrated Assessment Models (IAMs) integrate knowledge from two or more domains into a single framework. In 
this figure, IAMs are used to assess linkages between economic, social and technological development and the 
evolution of the climate system. 
38 The RCP1.9 pathways assessed in this report have a 66% chance of limiting warming to 1.5C in 2100, but some 
of these pathways overshoot 1.5C of warming during the 21st century by >0.1C. 
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services, and expansion of access to agricultural services to producers and land users can 
effectively address land degradation (medium confidence). {3.1, 5.7.4, 7.2, 7.3.4, 7.5.4}  

D1.2.   Measuring and monitoring land use change including land degradation and 
desertification is supported by the expanded use of new information and communication 
technologies (cellphone based applications, cloud-based services, ground sensors, drone imagery), 
use of climate services, and remotely sensed land and climate information on land resources 
(medium confidence). Early warning systems for extreme weather and climate events are critical 
for protecting lives and property and enhancing disaster risk reduction and management (high 
confidence). Seasonal forecasts and early warning systems are critical for food security (famine) 
and biodiversity monitoring including pests and diseases and adaptive climate risk management 
(high confidence). There are high returns on investments in human and institutional capacities. 
These investments include access to observation and early warning systems, and other services 
derived from in-situ hydro-meteorological and remote sensing-based monitoring systems and data, 
field observation, inventory and survey, and expanded use of digital technologies (high 
confidence). {1.2, 3.6.2, 4.2.2, 4.2.4, 5.3.1, 5.3.6, 6.4, 7.3.4, 7.4.3, 7.5.4, 7.5.5, 7.6.4; Cross-
Chapter Box 5 in Chapter 3}   

D1.3.  Framing land management in terms of risk management, specific to land, can play 
an important role in adaptation through landscape approaches, biological control of outbreaks of 
pests and diseases, and improving risk sharing and transfer mechanisms (high confidence). 
Providing information on climate-related risk can improve the capacity of land managers and 
enable timely decision making (high confidence). {5.3.2, 5.3.5, 5.6.2, 5.6.3; Cross-Chapter Box 6 
in Chapter 5; 5.6.5, 5.7.1, 5.7.2, 7.2.4} 

D1.4.  Sustainable land management can be improved by increasing the availability and 
accessibility of data and information relating to the effectiveness, co-benefits and risks of emerging 
response options and increasing the efficiency of land use (high confidence). Some response 
options (e.g., improved soil carbon management) have been implemented only at small-scale 
demonstration facilities and knowledge, financial, and institutional gaps and challenges exist with 
upscaling and the widespread deployment of these options (medium confidence). {4.8, 5.5.1, 5.5.2, 
5.6.1, 5.6.5, 5.7.5, 6.2, 6.4,}   

D 2.  Near-term action to address climate change adaptation and mitigation, 
desertification, land degradation and food security can bring social, ecological, economic and 
development co-benefits (high confidence). Co-benefits can contribute to poverty eradication 
and more resilient livelihoods for those who are vulnerable (high confidence). {3.4.2, 5.7, 7.5} 

D2.1.  Near-term actions to promote sustainable land management will help reduce land 
and food-related vulnerabilities, and can create more resilient livelihoods, reduce land degradation 
and desertification, and loss of biodiversity (high confidence). There are synergies between 
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sustainable land management, poverty eradication efforts, access to market, non-market 
mechanisms and the elimination of low-productivity practices. Maximising these synergies can 
lead to adaptation, mitigation, and development co-benefits through preserving ecosystem 
functions and services (medium confidence). {3.4.2, 3.6.3, Table 4.2, 4.7, 4.9, 4.10, 5.6, 5.7, 7.3, 
7.4, 7.5, 7.6; Cross-Chapter Box 12 in Chapter 7}  

D2.2.  Investments in land restoration can result in global benefits and in drylands can 
have benefit-cost ratios of between three and six in terms of the estimated economic value of 
restored ecosystem services (medium confidence). Many sustainable land management 
technologies and practices are profitable within three to 10 years (medium confidence). While they 
can require upfront investment, actions to ensure sustainable land management can improve crop 
yields and the economic value of pasture. Land restoration and rehabilitation measures improve 
livelihood systems and provide both short-term positive economic returns and longer-term benefits 
in terms of climate change adaptation and mitigation, biodiversity and enhanced ecosystem 
functions and services (high confidence). {3.6.1, 3.6.3, 4.8.1, 7.2.4, 7.2.3, 7.3.1, 7.4.6, Cross-
Chapter Box 10 in Chapter 7}   

D2.3.  Upfront investments in sustainable land management practices and technologies 
can range from about USD 20 ha-1 to USD 5000 ha-1, with a median estimated to be around USD 
500 ha-1. Government support and improved access to credit can help overcome barriers to 
adoption, especially those faced by poor smallholder farmers (high confidence). Near-term change 
to balanced diets (see B6.2) can reduce the pressure on land and provide significant health co-
benefits through improving nutrition (medium confidence). {3.6.3, 4.8, 5.3, 5.5, 5.6, 5.7, 6.4, 7.4.7, 
7.5.5; Cross-Chapter Box 9 in Chapter 6} 

D 3.  Rapid reductions in anthropogenic GHG emissions across all sectors following 
ambitious mitigation pathways reduce negative impacts of climate change on land 
ecosystems and food systems (medium confidence). Delaying climate mitigation and 
adaptation responses across sectors would lead to increasingly negative impacts on land and 
reduce the prospect of sustainable development (medium confidence). {Box SPM.1, Figure 
SPM.2, 2.5, 2.7, 5.2, 6.2, 6.4, 7.2, 7.3.1, 7.4.7, 7.4.8, 7.5.6; Cross-Chapter Box 9 in Chapter 6, 
Cross-Chapter Box 10 in Chapter 7} 

D3.1.  Delayed action across sectors leads to an increasing need for widespread 
deployment of land-based adaptation and mitigation options and can result in a decreasing 
potential for the array of these options in most regions of the world and limit their current and 
future effectiveness (high confidence). Acting now may avert or reduce risks and losses, and 
generate benefits to society (medium confidence). Prompt action on climate mitigation and 
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adaptation aligned with sustainable land management and sustainable development depending on 
the region could reduce the risk to millions of people from climate extremes, desertification, land 
degradation and food and livelihood insecurity (high confidence). {1.3.5, 3.4.2, 3.5.2, 4.1.6, 4.7.1, 
4.7.2, 5.2.3, 5.3.1, 6.3, 6.5, 7.3.1} 

D3.2.  In future scenarios, deferral of GHG emissions reductions implies trade-offs 
leading to significantly higher costs and risks associated with rising temperatures (medium 
confidence). The potential for some response options, such as increasing soil organic carbon, 
decreases as climate change intensifies, as soils have reduced capacity to act as sinks for carbon 
sequestration at higher temperatures (high confidence). Delays in avoiding or reducing land 
degradation and promoting positive ecosystem restoration risk long-term impacts including rapid 
declines in productivity of agriculture and rangelands, permafrost degradation and difficulties in 
peatland rewetting (medium confidence). {1.3.1, 3.6.2, 4.8, 4.9, 4.9.1, 5.5.2, 6.3, 6.4, 7.2, 7.3; 
Cross-Chapter Box 10 in Chapter 7} 

D3.3.   Deferral of GHG emissions reductions from all sectors implies trade-offs including 
irreversible loss in land ecosystem functions and services required for food, health, habitable 
settlements and production, leading to increasingly significant economic impacts on many 
countries in many regions of the world (high confidence). Delaying action as is assumed in high 
emissions scenarios could result in some irreversible impacts on some ecosystems, which in the 
longer-term has the potential to lead to substantial additional GHG emissions from ecosystems 
that would accelerate global warming (medium confidence). {1.3.1, 2.5.3, 2.7, 3.6.2, 4.9, 4.10.1, 
5.4.2.4, 6.3, 6.4, 7.2, 7.3; Cross-Chapter Box 9 in Chapter 6, Cross-Chapter Box 10 in Chapter 7} 
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Conservation and resource assessments for the Tongass land management plan
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Resource assessments on wildlife viability, old-growth timber volume estimates,
forested wetlands, and slope stability are presented. These assessments were used
in the formulation of alternatives in the revision of the Tongass land management
plan.

Keywords: Wildlife viability, timber volume, forested wetlands, slope stability,
Tongass, Alaska.

Preface This volume presents resource assessments used as part of the Tongass land
management planning process. Included here are assessments on (1) approaches to
maintaining well-distributed, viable wildlife populations; (2) options for estimating
old-growth timber volume; (3) suitability of forested wetlands for timber production;
and (4) slope stability factors with discussion of mass movement hazard indexing.

Our intent in providing this publication is to create a readily accessible and retrievable
record of the best available information on issues emphasized in the revision of the
Tongass land management plan.
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Conceptual Approaches for Maintaining

Well-Distributed, Viable Wildlife

Populations: A Resource Assessment

George C. Iverson and Bruce René

Background The National Forest Management Act of 1976 (NFMA; 16 USC §1604 [g] [3] [B])
requires that the USDA Forest Service provide for the diversity of plants and animals,
based on the suitability and capability of each National Forest. As part of meeting
overall multiple-use objectives, the implementing regulations (36 CFR §219.3) of
NFMA interpret the diversity requirement as maintaining habitat to support viable
and well-distributed populations of existing native and desired nonnative species in
the planning area. Maintaining the abundance and distribution of habitat necessary
to support well-distributed and viable populations of old-growth-associated wildlife
across the Tongass National Forest (Tongass) was one of five major issues con-
sidered in the Tongass land management plan (TLMP) revision. To address this
issue, several assessments were chartered to synthesize available information on
wildlife species with potential viability concerns at the Tongass. Individual assess-
ments were conducted for the northern goshawk (Accipiter gentilis; Iverson and
others 1996), Alexander Archipelago wolf (Canis lupus ligoni; Person and others
1996), marbled murrelet (Brachyramphus marmoratus; DeGange 1996), and anad-
romous salmonids (Salmonidae; U.S. Department of Agriculture, Forest Service
1995). Broader, system-oriented assessments also were conducted for habitat
conservation areas: old-growth forest patch inventory (DeGayner and Iverson, in
prep.), karst and caves (Baichtal and Swanston 1996), and natural disturbance
with an emphasis on wind (Nowacki and Kramer, in prep.).

A workshop was held June 7-9, 1995, to synthesize information that related to fish
and wildlife viability and ecosystems within southeast Alaska and the Tongass.1 At
this workshop, several possible Forest-wide integrated strategies were developed
for maintaining habitat to support viable fish and wildlife populations and functional
old-growth ecosystems across the Tongass. These conceptual strategies, which
used key landscape parameters as building blocks, were made available to the
interdisciplinary team for use in drafting alternatives for the TLMP revision. This
paper summarizes the deliberations and findings of a viability synthesis workshop.
The workshop charter is given in appendix A; workshop participants are listed in
appendix B.

1 The workshop was held at the Tongass Land Management
Plan office, Juneau, AK.
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A Working Definition of
Viability

The concept of viability and well-distributed populations initially was debated to es-
tablish a common understanding and a working foundation for addressing workshop
objectives. A consensus emerged that there is no generally accepted definition of
viability and that some commonly used terms within the definitions, such as “well
distributed,” also are not clearly defined. Based on definitions used in recent large-
scale viability analyses, such as that by the Forest Ecosystem Management Assess-
ment Team (FEMAT) in the Pacific Northwest (FEMAT 1993), the following working
definition of viability was developed. For purposes of the workshop, the term “viability”
was defined as “the likelihood that habitat conditions will support persistent and well
distributed fish and wildlife populations over time.” The concept of “well distributed”
was based on the natural distribution and dispersal capabilities of individual species,
and it included the full range of their current or historically recent distribution within
southeast Alaska. “Dispersal” included the concepts of metapopulation dynamics
and gene flow.

The concepts of “minimum viable” populations and “productive” or “usable” popula-
tions also were debated. The fish and wildlife populations of southeast Alaska sup-
port many commonly accepted human uses (subsistence hunting, commercial fishing,
recreational activities, and tourism, for example) that are difficult to meaningfully
separate from some level of viability determined without considering these uses.
Many wildlife populations depend on others as prey, and the viable level for one
species (Sitka black-tailed deer [Odocoileus hemionus], for example) must consider
the needs for that species by other species (Alexander Archipelago wolf, for example)
along with human demands. These and other considerations also form parts of
“sustained yield” for fish and wildlife resources under NFMA (PL 86-517; 16 USC
§528) and the Multiple-Use Sustained-Yield Act of 1960 (PL 94-588; 16 USC §1600).

A consensus was reached among workshop participants that to provide information
to use in constructing TLMP revision alternatives, and to have a reasonable assur-
ance of maintaining habitat sufficient to support populations of all fish and wildlife spe-
cies of the Tongass, the term “viable” should include all these factors. An evaluation
of the TLMP revision alternatives themselves, in terms of maintaining viable popula-
tions pursuant to NFMA, was conducted later by independent scientific panels (Smith
and Shaw, in prep.; Swanston and others 1996).

Analysis of
Information

The first phase of the workshop consisted of summary presentations of the results
(often preliminary) of ongoing assessments, resource analyses, or other studies
concerning specific aspects of animals and ecosystems of the Tongass. These
included verbal presentations (presenters shown in parentheses) on the following
topics:

• Anadromous fish habitat assessment (USDA Forest Service 1995) and related
proposals (Fred Everest)

• Watershed reserve strategy and riparian prescriptions (Steven Kessler)

• Karst and cave resources (Douglas Swanston)
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• Northern goshawk (George Iverson)

• Alexander Archipelago wolf (Matthew Kirchhoff)

• Marbled murrelet (Carol Hale)

• Inventory of existing old-growth forest blocks (Eugene DeGayner)

• Brown bear (Kimberly Titus)

• Principal disturbance processes in the temperate rain forest (Gregory Nowacki)

• Marten (Rod Flynn)

• Alternatives to clearcutting (Richard Zaborske)

• Reliability of timber inventory for differentiating timber volume classes
(John Caouette)

• Possible Forest plan scenarios (Steven Brink)

• Viability in relation to FEMAT (1993) (Martin Raphael)

• Interagency viable population committee conservation strategy (Suring and others
1993; Suring and others, in prep.), a review of this strategy (Kiester and Eckhardt
1994), and the response to the review of this strategy (Suring and others 1994)
(George Iverson; see appendix C)

Landscape Building
Blocks for Viability
Strategies

The first step in developing an array of Forest-wide, landscape-level management
options was to identify the key parameters relevant to viability by using information
presented about individual species and habitat components. This step was conducted
for five wildlife species of concern, fish in general, and the old-growth ecosystem
(table 1). For each species or issue, considerations for habitat management were
developed from the key parameters.

Elements common among parameters for the different species and issues were
then identified for specific habitats or management practices on which to focus.
These elements served as the components or building blocks of Forest-wide viability
approaches. Four components ultimately were identified: riparian areas, silvicultural
systems, old-growth reserves, and the beach fringe. Some of the important consider-
ations for these components are discussed below. A fifth component, areas currently
in a withdrawn status (withdrawn from most forms of land-disturbing management
activities, including commercial timber harvesting), such as wilderness and research
natural areas, is an assumed land allocation applied equally to all approaches.

Riparian options— This subject includes consideration of fish viability and
productivity, as well as other aquatic organisms and riparian-associated wildlife.
To the extent that they contribute appropriate habitat, riparian areas may function
as wildlife travel corridors and provide important connectivity among habitats within
watersheds. From the anadromous fish habitat assessment (USDA Forest Service
1995) and subsequent work by the interdisciplinary team, three options for riparian
area habitat management are available; these options, together with current TLMP
direction (as amended after the Tongass Timber Reform Act), provided four con-
ceptual choices for this viability component: proposed options 1 through 3 and the
current TLMP, as described below.
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Table 1—Key parameters and range of recommendations used in the viability synthesis workshop to
develop management options for the Tongass land management plan

Species or issue Key parameters Range of recommendations

Marten
(Martes americana) High-productivity old growth (volume class 5+a) A habitat conservation area (HCA) network

2 square miles per female, 3 square consisting of HCAs of 34,000 acres, 25 miles
miles per male apart, to support 25 reproductive pairs; HCAs

16-mile mean dispersal range of 6,800 acres, 9 miles apart, to support
Roaded access-level of trapping 5 reproductive pairs or 13,600 acres,
Forest-wide application 16 miles apart, to support 10 pairs; and

HCAs of 2,100 acres, 1 for each 15 square
miles or larger watershed to support 1 pair

At a minimum, HCAs should be 50 percent
volume class 4+, and 25 percent volume
class 5+; they should be nonlinear in shape,
as much as possible

Forested riparian corridors and beach fringe
Consider road density and management
Reserves may be unnecessary if the stated

stand characteristics for HCAs could be
achieved through uneven-aged management,
longer rotations, or both

Could be applied within HCAs, or Forest-wide
if no HCA system is provided (the latter is
more risky)

If no HCAs, then spatial control of habitat juxta-
position required

Road management still required

Northern goshawk
(Accipiter gentilis) Volume class 4+ habitat No more than 33 percent of the productive

Home ranges (surveyed to date) contain forest land within a watershed, including
20 to 80 percent productive old-growth private land, should be in stands less than
forest 100 years old

Productive forest preferred (nonrandomly Representative nesting habitat (>600 acres)
selected) for nesting habitat available in each watershed (10,000 to

Most nests below 800 feet in elevation 30,000 acres)
Use areas range from 10,000 to 30,000 acres
Significant avoidance of clearcuts and nonforest
Need for continuous reserves not evident
Forest-wide application

Marbled murrelet
(Brachyramphus
marmoratus) Nest on large branches of the oldest and Maintain volume class 4+ in heads of bays,

largest diameter trees available within with emphasis on those near aquatic or
31 miles of the ocean terrestrial concentration areas

Nesting associated with low-elevation (300-foot
average; 800-foot maximum) forest in heads
of bays

Prefer trees with high epiphytic cover
Gill net mortality and other at-sea effects a concern
Forest-wide application
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Table 1—Key parameters and range of recommendations used in the viability synthesis workshop to
develop management options for the Tongass land management plan (continued)

Species or issue Key parameters Range of recommendations

Wolf (Canis lupus) Road density and roaded access for trapping Manage mortality from trapping and illegal
Prey availability: primarily deer on the islands, kills

moose and goats on mainland Maintain habitat to maintain productive prey
Application: Yakutat Peninsula, mainland, and populations, especially deer (for deer,
the islands south of Frederick Sound emphasize volume class 5+ for winter habitat)

Consider a deer-density objective within wolf
range

Fish Fish viability Viability: Maintain multiple, well-distributed, un-
Fish productivity disturbed watersheds within each evolutionary
Watershed integrity significant unit (ESU); the current proposal
Forest-wide application uses the State’s statistical troll units—other

options for identifying ESUs also could be
used, or the National Marine Fisheries Service
may define ESUs for the Tongass

Productivity: Also use one of the Riparian
Conservation Area options, which variously
allow some silviculture

Brown bear
(Ursus arctos) Availability of anadromous fish Reserves of 40,000 acres, with no roaded

Road density and roaded access concerns access, that include productive fisheries every
Availability of summer alpine habitat 20 miles
Camp and community waste disposal sites Maintain 300-foot buffers on low-gradient class I

Application: mainland, and Admiralty, Baranof, streams to provide visual barrier and foraging
and Chichagof Islands habitat

Provide for movement to alpine habitat
Manage human activity to minimize the chance

of encounters and illegal kills
Consider ways to concentrate human activity

within landscapes
If an HCA-type approach is used, then the above

reserves would not be an additional need if
each large HCA contains a class I stream

Old-growth ecosystem All other old-growth-associated wildlife Include a “full array” of habitats and environ-
species mental conditions within an old-growth

Other riparian forest associates conservation network
All animal and plant ecosystem components This full array should include representation
Biological diversity by ecological province, elevation, plant
Old growth as an ecosystem association-cover type, island size, channel
How well these parameters are covered type, and old-growth patch sizes

(or not covered) by the individual species Maintain connectivity between the components
considered above of the network

Include unique and rare features (research
natural areas and special interest areas, for
example)

a See Julin and Caouette, this volume, for clarification of volume class.

5



Proposed option 1— This option has the widest stream buffers and the lowest level
of risk to fish compared to other options. It provides the greatest benefit to organisms
in addition to fish (USDA Forest Service 1994).

Proposed option 2— This option incorporates the basic recommendations of the
anadromous fish habitat assessment (USDA Forest Service 1995). Were this option
implemented, it would result in a moderate level of risk to fish compared to other
options. Organisms other than fish would experience a moderate level of benefit
under this option. Stream buffer widths are generally intermediate, between those
in options 1 and 3.

Proposed option 3 —This option adopts the riparian direction of the 1991 TLMP
revision supplement (USDA Forest Service 1991), which goes beyond the Tongass
Timber Reform Act (TTRA) stream buffer requirements. This option has the highest
level of risk to fish compared to other options and is least beneficial to other
organisms.

TLMP—The current TLMP follows the stream buffer requirements in TTRA and best
management practices (Forest Service Handbook [FSH] 2509.22—Soil and Water
Conservation Handbook). This option would have a higher risk to fish and riparian-
associated wildlife (brown bear [Ursus arctos], for example) than any of the proposed
options. Risks were broadly categorized by participants into high, moderate, and low
groups, with the understanding that all such labels are intended only as relative com-
parisons among the approaches considered and do not relate to any outside stand-
ards per se. The evaluations also were predicated on our limited ability to predict
actual habitat conditions (changes) over time under each set of “building blocks.” This
effort thus was not a formal analysis of risks to viability—that will come later when
Forest plan alternatives have been developed—but it simply used the concept of risk
to combine elements of possible approaches and array those approaches
comparatively.

Wildlife corridors would experience reduced function as a result of this option.
Uneven-aged systems, long rotations, and an extensive reserve system could
compensate for the higher level of risk.

Silvicultural systems —Alternatives to clearcutting, including uneven-aged systems
and some even-aged systems, and the use of intermediate treatments (thinning and
pruning, for example), may reduce or mitigate the adverse effects of large, even-aged
clearcuts on forest fragmentation and help to maintain or promote the development of
certain stand characteristics found in old-growth forests. Using longer “rotations” or
cutting cycles (the number of years between final harvests for even-aged manage-
ment, or the age of the oldest tree for uneven-aged management) also could help to
promote desired stand conditions by allowing timber stands more time to undergo
natural stand development processes.

The current rotation age of about 100 years was considered insufficient for develop-
ment of forest stand attributes approximating the composition, structure, and function
of old-growth forests—attributes that generally do not develop until stands are at
least 150 to 250 years old.
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Uneven-aged silvicultural systems that may closely approximate the natural dis-
turbance patterns occurring in the temperate rain forest have been used rarely in
southeast Alaska. The long-term success of these alternative methods currently is
unknown. We are concerned about the long-term health and species composition
resulting from methods other than clearcutting. Extended rotations that help achieve
desired late-successional and old-growth conditions may be successful in promoting
forest health and biodiversity.

Longer rotations, uneven-aged management, and intermediate treatments also may
have potential for maintaining desired riparian and beach fringe characteristics and
could reduce size requirements for these areas. This approach has not been eval-
uated or tested, however, and was not considered in the anadromous fish habitat
assessment (USDA Forest Service 1995). In all cases, these methods may only
approximate certain old-growth forest attributes, and although they might meet needs
of certain wildlife species, they are not likely to provide the full range of structure and
composition characteristic of fully functioning, old-growth ecosystems. This incom-
pleteness is partly because the periodic harvest of all areas suitable for timber pro-
duction alters ecosystem dynamics, and partly because the removal of biomass alters
ecosystem function.

Conventional silvicultural systems provided four conceptual choices for this viability
component, which are described below.

Even-aged short rotation— This system prescribes the harvest of an entire timber
stand about every 100 years. An even-aged, short-rotation system was considered
to have the highest level of risk for old-growth-associated wildlife species.

Uneven-aged short cutting cycle— This system prescribes the periodic (<200
years) harvest of single trees or small groups of trees within a stand. This approach
was judged to have a moderate level of risk for old-growth-associated wildlife species.

Even-aged long rotation— This system prescribes the harvest of an entire timber
stand at intervals somewhat greater than 200 years. An even-aged, long-rotation
system has a moderate level of risk for old-growth-associated wildlife species.

Uneven-aged long cutting cycle— This system prescribes the periodic (>200 years)
harvest of single trees or small groups of trees within a stand. An uneven-aged, long
cutting-cycle system was considered to have the lowest level of risk for old-growth-
associated wildlife species.

Old-growth reserves— One basic approach to wildlife conservation is to provide a
dispersed system of protected habitat areas or reserves of a specified size, forest
composition, and spatial distribution that are appropriately spaced throughout a
landscape and connected by suitable dispersal corridors. When based on the needs
of representative species, such a system can effectively contribute to maintaining
habitat to support viable populations of many old-growth-associated wildlife species.
The Interagency Viable Population Committee (Suring and others 1993) used the
habitat reserve approach in recommending a system of habitat conservation areas
(HCAs), well distributed across the Tongass, to provide habitat for viable populations
of old-growth-associated species.
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We identified several limitations in the HCA strategy. The strategy was based on the
known requirements of only a few wildlife species. Although they all have a range of
needs related to old-growth forest, there is no assurance that all or even most other
old-growth-associated species have similar needs or are adequately represented.
Even our knowledge about the species used for the HCA system is limited. In addi-
tion, the HCA network is related more to the size and spacing requirements of certain
wildlife species rather than to the actual distribution of old-growth blocks found on the
Tongass; thus it may not accurately represent the extent or distribution of the old-
growth forest ecosystem (DeGayner and Iverson, in prep.).

There is an even more fundamental concern: Our knowledge of the specific viability
requirements of most Tongass wildlife species is limited. The key species may
represent or be indicative of the requirements of other old-growth-associated species,
but these relations have not been described. The old-growth forest ecosystem is,
however, the dominant ecosystem in southeast Alaska that provides habitat for many
species. Therefore, a “systems” approach examining the old-growth ecosystem by
itself as a key component of a viability strategy is likely to address the requirements
of all old-growth-associated species. A recent inventory of the old-growth resource,
based on the size of the remaining contiguous old-growth areas, or “blocks,” provides
this old-growth ecosystem information (DeGayner and Iverson, in prep.).

The old-growth inventory (DeGayner and Iverson, in prep.) divided contiguous old
growth into four block sizes: category 1 (more than 10,000 acres), category 2 (1,000
to 10,000 acres), category 3 (less than 1,000 acres and with relatively high ecological
value), and category 4 (under 1,000 acres and with relatively low value). Blocks were
characterized by the proportion of interior forest, the range of elevations covered,
adjacency to diverse habitats, and distribution within a landscape or island. Two old-
growth reserve options were considered. The first selects one category 1 old-growth
block for each of the 21 biogeographic provinces of the Tongass. The second selects
a proportional amount of the remaining old growth based on its current distribution—
in this case, 75 percent of the acreage of all category 1 and 2 blocks.

Four conceptual choices for the old-growth viability component were identified and
are described below. For all reserve options, we assumed that risk to viability de-
creases as the number and size of old-growth areas increase and as these areas
are more evenly distributed. It also was assumed that existing withdrawn areas will
remain in place. Reserves are designed to preserve old-growth ecosystems and
their inherent biodiversity, rather than for wildlife habitat conservation.

No old-growth reserves— This approach does not designate additional blocks or
areas of specifically protected old-growth forest beyond those already contained in
nontimber-harvest areas, such as wilderness. This option was considered to have
the highest risk of losing a representative amount and distribution of old-growth-
associated organisms. This risk could be lowered by using long-rotation, uneven-
aged systems and maintaining large riparian buffers.

Habitat conservation areas— The HCA approach is a designed system of protected
old-growth reserves meeting specified size and spacing requirements. This option
was considered to have the lowest risk for many old-growth-associated species.
There is a moderate to high risk of losing representative amounts and distributions
of old-growth ecosystems Forest-wide. Use of long rotations or uneven-aged man-
agement within the matrix was thought to reduce viability risks.
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One large block per ecological province— This approach provides old-growth
habitat blocks of 10,000 acres or more selected from the old-growth inventory and
maintained as habitat reserves. It was considered to have a moderate risk of losing
old-growth ecosystems distributed by their natural occurrence. The risk to many
old-growth-associated organisms was considered to be high, unless coupled with
HCAs, extended rotations, or uneven-aged management.

Proportional representation of Forest-wide distribution— This option selects a
proportional amount of the remaining old growth based on its current distribution—
in this case, 75 percent of the acreage of all large and medium blocks. A moderate
to low risk to old growth was thought to result from this option, depending on timber
practices within the matrix. This option may not meet size or distributional needs for
some species; connectivity needs to be considered.

Beach fringe —Beach fringe is the strip of vegetation adjacent to saltwater shore-
lines that serves as a wildlife travel corridor, a transition zone between interior forest
and saltwater influences, and an important habitat for many wildlife species (Suring
and others 1993). Beach fringes may provide important horizontal or low-elevation
connectivity between watersheds. In conjunction with riparian areas, which provide
elevation habitat connectivity within watersheds, beach fringes may function as an
important forested landscape link among watersheds, especially in the heavily
dissected landscape characterizing the Tongass.

It is not known if the beach fringe zone can be classified as its own ecosystem,
perhaps analogous to the riparian ecosystem that is defined in part by its riparian
soils, channel morphology, and forested component; however, the old-growth forest
portion of much of the beach fringe is the primary habitat component for numer-
ous wildlife species including bald eagle (Haliaeetus leucocephalus), river otter
(Lutra canadensis), mink (Mustela vison), marten, and American crow (Corvus
brachyrhynchos). A concern is that a narrowly defined beach fringe corridor (aver-
age 500-foot width, for example) would not maintain “interior old-growth” charac-
teristics of this forested component (Concannon 1995). Thus, one option considered
was to increase the beach fringe width to a 1,000-foot minimum to ensure that the
old-growth portion of this zone retains its interior old-growth function. This approach
also helps to eliminate the probably arbitrary distinction between beach fringe forest
and maritime-influenced forest. Thus, three beach fringe options were considered:
no beach fringe, 500-foot beach fringe, and 1,000-foot beach fringe. Each option is
described below.

No beach fringe— The current Forest plan prescribes no beach fringe. Use of this
option will reduce the beach forest ecosystem and interior old-growth functions. Loss
of wildlife travel corridors and important winter habitat also will result. This option was
considered to have the highest risk for wildlife viability associated with these habitat
functions.

500-foot beach fringe— This option provides a beach fringe of generally 500 feet
with a 1,000-foot corridor around estuaries. Use of this option will maintain a narrow
beach-forest ecosystem. It results in the loss of interior old-growth function and was
considered to present less risk to some species, but not to those requiring interior
old-growth habitat near the beach.
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1,000-foot beach fringe— This option would maintain 1,000-foot “no harvest” buffers
along beaches. Use of this option will maintain the beach-forest ecosystem and the
quality of interior old-growth habitat. It was considered to present a low risk to asso-
ciated wildlife and to maintain connectivity among intact blocks of old-growth forest.

Nine conceptual approaches— From the above considerations for these four
components, the various options within the components were variously combined
to portray several possible Forest-wide approaches to maintaining wildlife viability
(table 2).

For most of the conceptual approaches designed, the focus was on finding different
combinations of building block components that would result in different likelihoods
of ensuring viability. For example, the current TLMP has the following combination
of building block components: minimum 100-foot riparian buffers for the riparian
component, 85-percent even-aged short rotation and 15-percent even-aged long
rotation for the silvicultural system, and no reserves or beach fringe (table 2). We
consider these components to have a relatively high risk for wildlife viability. In
contrast, another conceptual design was developed with riparian option 1, uneven-
and even-aged long rotations, HCA reserves, and a 1,000-foot beach fringe with
additional species-specific management standards and guidelines. This conceptual
design was considered to have a relatively low risk of not maintaining viable wildlife
populations.

A few general comments on risks and tradeoffs among options:

• The existing system of reserves within the Tongass (areas withdrawn, such as
wilderness, legislated LUD II [LUD II lands are managed in a roadless state],
and research natural areas—regardless of the habitat they include) do not in
themselves provide sufficiently well-distributed or fully representative habitat
across the Tongass to ensure maintenance of viability for all species.

• A relatively high risk was assumed to exist for fish without application of the
proposed ecologically significant units (ESUs). This reserve system is designed
around fisheries concerns, however, and may contribute only minimally to a
wildlife or old-growth reserve system.

• The current Forest plan, due to its reliance on short-rotation clearcutting, lack of
a Forest-wide reserve strategy, and limited riparian protection, was considered to
have a high risk for all species of concern, for the old-growth ecosystem, and for
biodiversity. Generally, uneven-aged silvicultural methods, and (in particular) ex-
tended rotations (>200 years), were considered to either reduce the need for the
more extensive reserves or lower the risk category for an approach that otherwise
used even-aged management and short rotations. Some information suggests that
more than 300 years may be needed to achieve the structural characteristics of
old-growth forests. For the present effort, however, more than 200 years was
used to define extended or long rotations.

• The Interagency Viable Population Committee strategy (Suring and others 1993)
with its habitat conservation area system, as applied to the current Forest plan, may
be favorable for many species but is considered deficient in corridor design and
matrix management. It retains a high risk for fish, and possibly also for marbled
murrelet, northern goshawk, the old-growth ecosystem, and biodiversity.
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• Approaches lacking an old-growth reserve system, based on the old-growth
inventory and distributed proportionately, were considered less likely to ensure
a low level of risk for the old-growth ecosystem and for biodiversity (and also for
the northern goshawk, depending on management actions within the matrix).

Approaches that include the following components were considered to be in a lower
risk category:

• Species-specific standards and guidelines derived from the Viable Populations
Committee strategy (Suring and others 1993), particularly those for road access
management (i.e., wolf, brown bear, marten)

• Maintenance of the old-growth ecosystem across a full array of geographic and
environmental conditions (table 2)

• The 1,000-foot option for the beach fringe to help maintain interior forest conditions
in that zone

• One of the three riparian options, preferably option 1 or 2

Many possible tradeoffs exist between the type of silvicultural system(s) chosen and
the need for an extensive reserve system or wider riparian and beach fringe zones,
or both.

• One tradeoff of using extended rotations or uneven-aged systems is that, to
achieve the same harvest level as could have been achieved under even-aged,
short-rotation systems, more area would need to be harvested and more miles
of road built in a given time. Thus, the risk of not maintaining fully functioning
old-growth ecosystems may not decrease as a result of using these alternative
systems.

• When the use of any silvicultural system as an alternative to reserves is being
considered, the effects of roading and road use, which may in some cases equal
the effects of harvesting, also need to be considered, particularly for wolf, brown
bear, and marten.

• Many of these conceptual approaches assume a general tradeoff between areas
in short-rotation, even-aged systems and areas set aside in reserves (including
riparian and beach fringe). For instance, if the suitable timber base in an alternative
were managed under an even-aged, short-rotation system, then more areas within
reserves would be required for a comparable level of risk than if the suitable timber
base in the same alternative were managed for long rotations. As another example,
an alternative using only uneven-aged, longer cutting cycles and a less restrictive
riparian option than one using even-aged or short-rotation systems may achieve a
similar level of riparian risk.

All reserve options considered herein should be understood to exclude timber harvest
within the reserve. It may be possible, however, to include a form of reserve that
allows some types of light-intensity timber harvest closely emulating the size, scale,
and intensity of natural disturbance processes (Nowacki and Kramer, in prep.).

Although there was not consensus among workshop participants concerning exact
rankings, there was agreement on general levels of risk (i.e., low, moderate, high).
Table 3 includes the rationale (based on the subjective judgment of meeting par-
ticipants) used for these relative rankings, which is divided into riparian, terrestrial
vertebrate, and old-growth ecosystem concerns. Much of this rationale is drawn from
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Table 3—Rationale for the relative risks associated with each conceptual approach to viability (refer to
table 2 for conceptual approaches)

Approaches and
relative risk Riparian Terrestrial vertebrates Old-growth ecosystem

Current TLMP
and high-risk Concern for fish and Excess amount of landscape in Lack of adequate reserve system,
approach 1 aquatic organisms early seral conditions extensive use of short rotations,
(H-1) Reduced connectivity Inadequate control on size and and lack of connectivity

within watersheds distribution of reserves Reduction in available interior old-
Concern for riparian- Reduced connectivity between growth conditions

associated wildlife patches, complicated by lack of Will not provide full representation of
(such as brown bear) beach fringe habitat old-growth ecological conditions

Potential impact of roads

High-risk Similar to above, but Similar to above, except more Potential high risk with more acreage
approach 2 risk is reduced with connectivity provided within under timber management
(H-2) higher percentage of and between watersheds owing

landscape in late seral to extended rotations
condition at any one time Road impacts could be higher

Viable Beach fringe and reserve Moderate connectivity provided Representation of old-growth
populations system mitigate current within beach fringe and riparian conditions not ensured and not
approach (Suring riparian policy; may not areas extensive
and others 1993; meet long-term productivity Percentage of landscape in late Connectivity between many blocks
VPOP) goals seral condition may be insufficient remains low

Concern for riparian- for some species (e.g., goshawk,
associated wildlife and deer, wolf)
aquatic organisms

Moderate-risk Reserve system con- Greater contribution of riparian More extensive reserves and riparian
approach 1 tributes to riparian Percentage of landscape in late areas
(M-1) ecosystem seral condition may be insufficient Connectivity between many blocks

for some species (e.g., goshawk, remains low
deer, wolf)

Moderate-risk Beach fringe and Tradeoff between lower amount Tradeoff between lower amount in
approach 2 reserves contribute in reserves and longer rotations reserves and longer rotations
(M-2) to riparian ecosystem Moderate connectivity provided

Low-risk Intermediate coverage More productive riparian area Adequate size and distribution of
approach 1 of riparian ecosystem Extended beach fringe connectivity habitats and patches; less in late
(L-1) High percentage of landscape in successional forest than L-2 or L-3

late seral stages Connectivity provided by extensive
riparian and beach fringe systems
and well-distributed reserves

Low-risk Intermediate coverage Same as L-1, except tradeoff Same as L-1, except better
approach 2 of riparian ecosystem between more reserves and representation of late successional
(L-2) short-rotation, even-aged forest conditions

management

Low-risk Extensive riparian Essentially the same as L-1 Greatest representation of late
approach 3 area in combination with but a greater percentage of successional forest conditions
(L-3) reserves and long rotations landscape in late seral stages
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the species- and issue-specific information provided during workshop presentations
(table 1) and consideration of landscape building block key components. This informa-
tion provides in detail the criteria, rationale, and thought processes used to develop
an array of conceptual approaches to manage for viability and to develop other ap-
proaches from the same components. This information was developed to provide the
TLMP Revision Interdisciplinary Team with necessary input to incorporate reasonable
strategies for maintaining the habitat necessary to ensure viable, well-distributed
populations of fish and wildlife species across the Tongass.
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Appendix A The Viability Synthesis Workshop Charter.

Introduction As part of the revision process for the Tongass land management plan (TLMP),
five assessments designed to synthesize available information on wildlife species
of particular concern to management of the Tongass National Forest (Tongass) have
been conducted. In addition to these species-specific assessments, which include
the northern goshawk (Accipiter gentilis), Alexander Archipelago wolf (Canis lupus
ligoni), marbled murrelet (Brachyramphus marmoratus), and anadromous salmonids
(Salmonidae), ecosystem-oriented assessments were conducted (i.e., habitat con-
servation areas, old-growth patch analysis, and karst terrain and caves). These
assessments augment other information available on an array of species of man-
agement interest in the Tongass (e.g., Sitka black-tail deer [Odocoileus hemionus],
brown bear [Ursus arctos], mountain goat [Oreamnos americanus], bald eagle
[Haliaeetus leucocephalus], and marten [Martes americana]). Brief presentations
on each assessment and on the other major species of interest will be provided
at the workshop.

At present, the information contained within each individual assessment has not
been evaluated in context with the other assessments. No attempt has yet been made
to synthesize this array of assessments and other information sources to clarify
habitat factors in common versus those that may be species specific. There is a
strong need to accomplish this evaluation and synthesis and then package the
combined information such that it provides direct input for development of alter-
natives for TLMP.

Objective The objective of the workshop is to evaluate and synthesize available information
obtained from recently conducted, Tongass-specific assessments and various other
sources (Suring and others 1993). The process needs to identify habitat factors and
other needs that may be in common across the various species of interest (e.g.,
old-growth association or dependence), as well as those factors that may still be
highly important but more species specific (e.g., road density).

Product Ideally, we would like to leave the workshop with an array of landscape-level man-
agement options for use in development of Forest plan alternatives that adequately
address the issues associated with species and ecosystem viability. Specifically, the
workshop needs to provide various combinations of the above-mentioned landscape
designs, guidelines, and other “building blocks” that will maintain or restore:

• Terrestrial habitat conditions for the northern goshawk, Alexander Archipelago wolf,
and marbled murrelet so that viable populations will persist in a well-distributed
manner across their current ranges.

• Terrestrial habitat conditions to support viable populations, well distributed across
their ranges, of terrestrial species associated with all Tongass ecosystems.

• Aquatic habitats to support viable populations of resident and anadromous fish
species and stocks of other aquatic organisms.

• Functional and interactive ecosystems, including old-growth forests and aquatic
systems.

16



The actual “risk” assessment that any particular Forest plan alternative will meet
the species-specific viability needs will be independently evaluated through a panel
review process.

We will develop sets of alternative landscape designs and management guidelines
that incorporate (separately or in various combinations) reserves, matrix management,
or other “building blocks” to provide various levels of assurance that any subsequent
Forest plan alternative developed from these sets will maintain viable populations of
all species as well as sustain overall ecosystem structure, composition, and function.
In developing these sets, we need to ensure that land stewardship is not compro-
mised and appreciate that some level of long-term, sustainable output of various
resources (e.g., timber, recreational experiences) is desired.

Possible Approach We should consider a landscape approach that builds on other spatially explicit
components of the Forest plan (e.g., designated wilderness, anadromous fisheries
habitat assessment [USDA Forest Service 1995], directed riparian management
standards). To build this foundation, we append additional standards or landscape
features as building blocks considered necessary to provide well-distributed habitat
for the above-mentioned species and environments. These components can then
be used to construct Forest plan alternatives. Four landscape-level themes serve
as possible approaches:

1. Dynamic landscape management predicated on disturbance regimes and no
reserves.

2. Some combination of small, medium, and large reserves connected by a matrix
of lands experiencing various management actions (e.g., patch cuts of various sizes
and distributions, partial cuts of various sizes and distributions, partial cuttings that
remove various levels and components of stocking).

3. Fewer but very large reserves within each landscape stratum (e.g., biogeographic
province or island) coupled with the matrix management approach indicated in
number 2 above.

4. Combinations across the forest of numbers 1, 2, and 3 specifically applied to
landscapes and predicated on the existing and desired condition.
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Appendix B Viability Synthesis Workshop participants, June 7-9, 1995.

Participants Affiliation

Mike Brown USDA Forest Service, Alaska Region

Steve Brink USDA Forest Service, Alaska Region

Jack Capp USDA Forest Service, Alaska Region

John Caouette USDA Forest Service, Pacific Northwest Research Station

Eugene DeGayner USDA Forest Service, Alaska Region

Richard Enriquez U.S. Fish and Wildlife Service

Rod Flynn Alaska Department of Fish and Game

Rick Griffen USDA Forest Service, Alaska Region

Carol Hale U.S. Fish and Wildlife Service

Dick Holthausen USDA Forest Service, Alaska Region

George Iverson USDA Forest Service, Alaska Region

Steve Kessler USDA Forest Service, Alaska Region

Matthew Kirchhoff Alaska Department of Fish and Game

Jerry McIlwain USDA Forest Service, Pacific Northwest Research Station

Chris Meade U.S. Environmental Protection Agency

Gregory Nowacki USDA Forest Service, Alaska Region

Martin Raphael USDA Forest Service, Pacific Northwest Research Station

Bruce René USDA Forest Service, Alaska Region

Ted Schenk USDA Forest Service, Alaska Region

Terry Shaw USDA Forest Service, Pacific Northwest Research Station

Winston Smith USDA Forest Service, Pacific Northwest Research Station

Douglas Swanston USDA Forest Service, Pacific Northwest Research Station

Kimberly Titus Alaska Department of Fish and Game

Richard Zaborske USDA Forest Service, Alaska Region
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Appendix C Materials presented by George Iverson during the workshop.

Table 4—Criteria for habitat conservation areas proposed to maintain viable and well-distributed
populations of wildlife associated with old-growth forests in southeast Alaska

Species Large HCAsa Medium HCAsa Small HCAsa

Brown bear 40,000 acres — —
20 miles apart
1 class-I stream
5 females

Marten 40,000 acres 8,000 acres 1,600 acres per watershed
25 miles apart 9 miles apart 50 percent volume class 4+
25 percent volume class 4b 25 percent volume class 4 1 reproductive unit
25 percent volume class 5+ 25 percent volume class 5+
25 reproductive units 5 reproductive units

Flying squirrel — — 1,000 acres per watershed
volume class 4+

10-20 pairs

Northern goshawk 40,000 acres 10,000 acres —
20 miles apart 20 miles apart
25 percent volume class 4 25 percent volume class 4
25 percent volume class 5+ 25 percent volume class 5+
8 pairs 2 pairs

Combined standard 40,000 acres 10,000 acres 1,600 acres per watershed
20 miles apart 20 miles apart 50 percent volume class 4+
25 percent volume class 4 25 percent volume class 4
25 percent volume class 5+ 25 percent volume class 5+
1 class-I stream

a HCA = Habitat conservation area.
b See Julin and Caouette, this volume, for clarification of volume class.

Source: Suring and others 1993.
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Table 5—Wildlife species associated with
old-growth forest habitats that are recognized
as having potential viability or distribution
concerns in southeast Alaska

Common name Scientific name

Bald eagle Haliaeetus leucocephalus
Marbled murrelet Brachyramphus brevirostris
Vaux’s swift Chaetura vauxi
Black bear Ursus americanus
Least weasel Mustela nivalis
Mink Mustela vison
River otter Lutra canadensis
Mountain goat Oreamnos americanus
Sitka mouse Peromyscus sitkensis
Coronation Island vole Microtus coronarius

Source: Suring and others, in prep.

Table 6—Wildlife species associated with
old-growth habitats that are recognized as
having viability or distribution concerns in
southeast Alaska

Common name Scientific name

Osprey Pandion haliaetus
Queen Charlotte goshawk Accipiter gentilis laingi
Spruce grouse Dendragapus canadensis
Alexander Archipelago wolf Canis lupus ligoni
Brown bear Ursus arctos horribilis
Wolverine Gulo gulo
Marten Martes americana
Lynx Lynx canadensis
Northern flying squirrel Glaucomys sabrinus

Source: Suring and others, in prep.
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Table 7—Levels of concern a associated with viability or distribution, or both, for the 9 highest
ranked wildlife species in southeast Alaska b

Evaluation criteriac

Species 1 2 3 4 5 6 7 8 9 10 11 12 Totald

Brown bear 3 0 0 2 3 2 1 3 1 3 3 1 22 (61)
Marten 3 0 0 1 3 2 3 3 2 1 0 2 20 (56)
Queen Charlotte goshawk 3 0 2 2 2 2 3 2 0 1 1 2 20 (56)
Osprey 2 3 0 3 1 1 2 2 0 2 2 2 20 (56)
Spruce grouse 3 2 0 2 1 2 2 3 2 0 0 3 20 (56)
Wolverine 3 1 0 3 2 2 1 1 0 2 1 3 19 (53)
Northern flying squirrel 3 0 0 — 2 — 3 0 2 2 0 3 19 (53)
Alexander Archipelago wolf 3 0 2 2 1 0 1 3 2 1 1 2 18 (50)
Lynx 3 2 0 — 1 1 0 3 1 1 1 3 18 (50)

a Level of concern:
— = information is inadequate (assigned 2 points)
0 = no concern
1 = low
2 = moderate
3 = high

b Ranked 50 percent or greater.
c Evaluation criteria:

Criteria Assigned
1. Seasonal occurrence in southeast Alaska points

a. Transient 0
b. Resident during winter or breeding season 1
c. Resident during breeding season 2
d. Permanent resident 3

2. Geographic distribution within southeast Alaska
a. Species occurs in 7+ ecological provinces 0
b. Species occurs in 4-6 ecological provinces 1
c. Species occurs in 2-3 ecological provinces 2
d. Species occurs in 1 ecological province 3

3. Geographical distribution outside southeast Alaska
a. Species distribution more than 200 percent of the size of southeast Alaska 0
b. Species distribution 100 to 200 percent of the size of southeast Alaska 1
c. Species distribution 50 to 100 percent of the size of southeast Alaska 2
d. Species distribution 0 to 50 percent of the size of southeast Alaska 3

4. Estimated size of the population in southeast Alaska
a. More than 10,000 individual throughout its range 0
b. 2,500 to 10,000 individuals throughout its range 1
c. 250 to 2,500 individuals throughout its range 2
d. Less than 250 individuals throughout its range 3

5. Population trend throughout the species’ range
a. Population known or suspected to be stable or increasing 0
b. Population formerly experienced a downward trend but presently is stable or increasing 1
c. Population suspected to be decreasing over a 10-year period 2
d. Population known to be decreasing over a 10-year period 3
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Table 7—Levels of concern a associated with viability or distribution, or both, for the 9 highest
ranked wildlife species in southeast Alaska b (continued)

c Evaluation criteria: (continued)

Criteria Assigned
6. Population trend of the species in southeast Alaska points

a. Population known or suspected to be stable or increasing 0
b. Population formerly experienced a downward trend but presently is stable or increasing 1
c. Population suspected to be decreasing over a 10-year period 2
d. Population known to be decreasing over a 10-year period 3

7. Vulnerability of habitats in southeast Alaska
a. Species’ habitat is unlikely to be affected by land management activities, species is not negatively

affected by habitat fragmentation, and species is an ecological generalist 0
b. Species’ habitat is likely to be affected by land management activities, species is not negatively

affected by habitat fragmentation, and species is an ecological generalist 1
c. Species’ habitat is likely to be affected by land management activities, species is negatively

affected by habitat fragmentation, or species is an ecological specialist 2
d. Species’ habitat is likely to be affected by land management activities, species is negatively

affected by habitat fragmentation, and species is an ecological specialist 3

8. Vulnerability to road construction and increased access
a. Species unlikely to be affected by increased access 0
b. Species harvest likely to increase but will not affect population levels; species not susceptible

to increased disturbance 1
c. Species not harvested but susceptible to increased disturbance 2
d. Species vulnerable to over harvest or other increased mortality as a result of increased access 3

9. Capability of a species to disperse
a. Species are mobile and dispersal is not limited 0
b. Dispersal is limited 3

10. Demographic characteristics of the species. Average number of eggs or live young produced
per adult female per year
a. Less than 1 egg 3
b. 1 to 2 eggs 2
c. 3 to 5 eggs 1
d. More than 5 eggs 0

11. Demographic characteristics of the species. Minimum age of first reproduction.
a. More than 5 years 3
b. 3 to 4 years 2
c. 2 years 1
d. Less than 2 years 0

12. Knowledge about the species in southeast Alaska
a. Limited knowledge concerning a species beyond documentation of their occurrence in

southeast Alaska 3
b. Species are monitored locally without statistical validity, and habitat associations are extrapolates

from other areas 2
c. Species are monitored throughout southeast Alaska with statistical validity, and habitat associations

are established in southeast Alaska 1
d. Species whose distribution and habitat relations are well documented in southeast Alaska and

throughout their range 0

d Percent is shown in parentheses.

Source: Suring and others, in prep.
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Appendix D
Immediate Actions
Needed

The following is a summary of suggested actions that respond to comments made
by the peer reviewers (Kiester and Eckhardt 1994). In particular, the peer reviewers’
recommendations to keep landscape options open (i.e., avoid logging low-elevation,
high-volume old-growth forests; maintain connectivity between habitat conservation
areas; consider larger habitat conservation areas; pay attention to the matrix) until
the revision of the Tongass land management plan has been completed are briefly
addressed here. Pertinent suggestions from the review are given.

1. Restrict logging and road building to areas other than volume classes 6 and 7 in
old-growth forests (as determined by field reconnaissance) below 800 feet in
elevation.

2. Restrict logging, road building, and salvage sales to areas other than large- and
medium-sized habitat conservation areas.

3. Restrict logging and road building to areas other than the three largest old-growth
forest patches within each ecological province.

4. Establish a 0.5- to 1-mile buffer around all large- and medium-sized habitat con-
servation areas (as mapped in Suring 1993) as a “special management zone” in
which road building and clearcutting are prohibited. Selection harvest may be per-
mitted so long as no more than 25 percent of the volume in any 5-acre block is
harvested and original species and size class distributions are maintained.

5. Connect large- and medium-sized habitat conservation areas (as mapped in Suring
and others 1993) with corridors in which logging is not allowed (1,600 feet wide
between large habitat conservation areas, which are further apart; 1,000 feet wide
between medium habitat conservation areas, which are closer together). Keep
corridors below 800 feet in elevation. Place a 3,300-foot-wide “special management
zone” along the coastline.

6. Maintain old-growth forests that have been identified through local knowledge or
field experience as important wildlife habitat (e.g., wildlife habitat retention areas
mapped in records of decision before 1992).

7. The number of old-growth forest, volume class 5 acres scheduled for harvest in
any sale should not exceed the number of acres scheduled for harvest in old-growth
forest, volume class 4.
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Options for Defining Old-Growth Timber

Volume Strata: A Resource Assessment

Kent R. Julin and John P. Caouette

Issue Definition The Alaska Region had to decide whether and how the interpreted timber type data
layer (TIMTYP) database could be used in the revision of the Tongass land manage-
ment plan (TLMP revision) for defining the old-growth forest resource. This database,
in conjunction with other resource inventories, was used historically by planners at the
Tongass National Forest (Tongass) for estimating the allowable sale quantity (ASQ),
determining volume proportionality,1 analyzing timber economics, and calculating wild-
life habitat capability. The decision from the Wildlife Society and others vs. Barton
(U.S. District Court for the District of Alaska 1994) raised questions about the suit-
ability of the TIMTYP database for determining proportionality under the Tongass
Timber Reform Act (TTRA § 301 [c] [2]). In this paper, we discuss five options for
estimating old-growth volume and implications of their use on modeling wildlife habitat
capability. We also present an approach for reducing the likelihood of overestimating
timber volume on the Tongass.

Background The key components used to define the old-growth volume strata options developed
in this paper include the TIMTYP database, the common land unit (CLU) database,
and the Tongass timber inventory. Each of these components is described below.

TIMTYP Database A land type map was created in 1978 by ESCA-Tech2 for the Tongass. The primary
objective of this work was to delineate major land types and their attributes from aerial
photographs of the Forest. These land types were mapped at a polygon level—areas
generally homogenous in character and greater than 10 acres in size. Polygons in
forested areas were assigned a single, representative set of attributes: species com-
position, age, stocking, volume class, and decadence rating. For example, if a 100-
acre area was generally a Sitka spruce (Picea sitchensis (Bong.) Carr) forest type in
an old-growth condition with uniform crown sizes, it could be classified as S4=5H.
This classification means that for average conditions, this polygon was predominantly
Sitka spruce (S) identified as old growth (4), was moderately stocked (=), had an
estimated volume of 20-30 thousand board feet per acre (5), and had relatively high
decadence (H). Within such a 100-acre polygon, however, openings, small stands of
different species, and lower and higher volume strata often exist. Forest-wide, there
are about 300,000 forested polygons with a mean size of about 60 acres. These land
type map data were entered into the Tongass Geographic Information System (GIS)
as the TIMTYP database in 1988-89.

1 The Tongass Timber Reform Act (Sec. 301 [c] [3]) requires
that the harvest of high-volume old growth (volume classes 6
and 7) will not be at an accelerated rate. The act requires
that the proportion of harvest in volume classes 6 and 7
will not exceed the proportion of volume of these classes
currently represented in a contiguous management area.

2 The use of trade or firm names in this publication is for
reader information and does not imply endorsement by
the U.S. Department of Agriculture of any product or service.
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Common Land Unit
Database

The CLU database was created independently by Administrative Area (Chatham,
Ketchikan, and Stikine) and has been subject to a fairly rigorous field review. This
database contains numerous features including but not limited to landform, plant
association, and soil series. These features were mapped at a soil management
unit (SMU) scale. About 825 separate SMU types were assigned to nearly 114,000
polygons across the Forest. The SMU polygons range from less than 1 acre to nearly
900,000 acres for the Brabazon Range near Yakutat; the Forest-wide average size
of these polygons is 115 acres. In this analysis, we used slope class, soil type (hydric
or nonhydric), and average site index in the development of options D and E for esti-
mating old-growth timber volumes.

Tongass Timber
Inventory

The most recent timber inventory of the Tongass, completed in the early 1980s,
estimated net timber volume for each Administrative Area of the Forest plus or
minus 10 percent per billion net cubic feet at a 68-percent confidence level. The
original objective of the timber inventory was not to sample stands or polygons,
but to sample the stratum to which the polygons belonged. The design provides a
reasonable estimate of the true average net volume of a particular stratum within
an Administrative Area. Because only a relatively small proportion of each polygon
was sampled, however, the level of confidence in our estimates of net volume for
a particular polygon within any stratum is poor.

The sampling design used in the Ketchikan and Stikine Administrative Areas was
different from that used in the Chatham Area. Sampling units for the Ketchikan and
Stikine Administrative Areas were 5-acre cluster plots consisting of five systematically
placed points each (USDA Forest Service 1984). Whenever plot cluster points fell
within two adjacent TIMTYP polygons, points were relocated into the polygon where
the first randomly located point was established. In the Ketchikan Area, 201 polygons
were sampled, and 139 in the Stikine Area. In the Chatham Area, the sampling unit
was a 250-acre cluster plot consisting of about 55 subplots. Point locations were
systematically established within polygons (USDA Forest Service 1982). A total of
176 polygons was sampled in the Chatham Administrative Area.

Of the 516 polygons sampled Forest-wide, 457 were within forested volume class
(VC) 4-7 polygons. Wilderness areas were excluded from this timber inventory.
The Forest inventory estimated volume for each Administrative Area by using the
plots described above and areal coverage from the volume item of the TIMTYP
database in a poststratified fashion. Using this approach, Rogers and van Hees
(1992a, 1992b, 1992c) developed timber resource statistics for each Administrative
Area of the Tongass.

Accuracy of Volume
Strata Estimates

The spatial accuracy of the volume item of the TIMTYP database was tested by Jim
Brickell (former USDA Forest Service, Northern Region, biometrician) with Stikine
and Ketchikan data from the Tongass timber inventory (Brickell 1989). Brickell found
that the inventory provides a Forest-wide and Administrative Area-wide assessment
of the TIMTYP database for each volume stratum, but it cannot be used to assess
the TIMTYP database on a polygon level. This inability arises from too few obser-
vation points within any given polygon. Brickell also found no statistical basis for
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maintaining separate strata for VC5, VC6, and VC7, based on the timber inventory.
Volume strata means were not analyzed by Brickell for the Chatham Area because
unit volumes were not readily available. From his experience with timber inventories
of similar design in the Northern Region, Brickell opined that “results would not have
been substantially different” for the means for the Ketchikan and Stikine Administrative
Areas. Our review of these data supports his conclusions (appendix).

Options for
Estimating Timber
Volume

Five options for estimating net timber volume were identified by TLMP revision team
members in 1995. These five options are summarized in figure 1 and are described
below. We used the volume class item (volume classes 4, 5, 6, and 7) from the
TIMTYP database alone and in combination with the forest type item from the
TIMTYP database and several items from the CLU database (slope, hydric and
nonhydric soils, and site index) to redefine volume strata. Mean strata volumes and
95-percent confidence intervals are reported for all options for each Administrative
Area and the entire Tongass (i.e., all areas combined). Differences in strata means
for each option were tested by using analysis of variance (ANOVA) and the Scheffé
multiple comparison tests (α = 0.05; SAS Institute 1990). Statistics for individual
polygon volume estimates within strata are not reported. These statistics are known
to include a significant amount of added variation, primarily the result of the limited
number of inventory sample points in each polygon.

Figure 1—Descriptions and relations among options for estimating old-growth volume.
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Option A: Volume
Classes 4, 5, 6, and 7

Option A retains the four strata used in the current draft plan revision (USDA Forest
Service 1991; fig. 1, table 1). Although there is a statistical basis for segregating VC4
from the higher strata (Brickell 1989), there is none for dividing the higher volume
strata. Adopting this option would invite the same type of criticism as received on the
draft and supplement to the draft for the TLMP revision (USDA Forest Service 1990,
1991). Although option A appears to offer an opportunity to model habitat capability
with the greatest resolution and widest range of conditions, it does not provide con-
fidence because of a lack of statistical differences among the higher volume strata
(see appendix).

Table 1—TIMTYP option A net volume estimates, sample sizes, and
95-percent confidence intervals

Volume strata 95-percent
and area Mean volume confidence interval Sample size

Mbf/acrea Mbf/acrea Numberb

Volume class 4:
Chatham Area 19.3 ± 2.8 58
Ketchikan Area 20.4 ± 2.3 72
Stikine Area 23.9 ± 3.5 56
Forest wide 21.1 ± 1.6 186

Volume class 5:
Chatham Area 29.4 ± 5.2 29
Ketchikan Area 33.1 ± 2.8 71
Stikine Area 32.2 ± 3.5 55
Forest-wide 32.1 ± 2.0 155

Volume class 6:
Chatham Area 38.3 ± 9.5 6
Ketchikan Area 32.5 ± 6.4 23
Stikine Area 35.4 ± 13.5 8
Forest-wide 34.1 ± 4.7 37

Volume class 7:
Chatham Area 43.7 ± 25.0 2
Ketchikan Area 37.1 ± 15.5 8
Stikine Area 51.9 ± 130.9 2
Forest-wide 40.7 ± 10.5 12

a Mbf = thousand board feet, Scribner decimal C, 16-foot logs.
b 67 samples were excluded from our analysis because they had 3 or fewer
subplots (Chatham Administrative Area), had a history of partial cutting, or were
on private land.
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Option B: Productive
Forest

Under this option, all volume strata designations (VC4-7) from TIMTYP are collapsed
into a single stratum and designated “productive forest” for each Administrative Area
(fig. 1, table 2). This option uses Area-wide mean volumes from the timber inventory
and volume class from TIMTYP. Option B does not distinguish between forest types
(VC4 and a grouping of VCs 5, 6, and 7 as depicted on TIMTYP) that the timber in-
ventory shows have statistically significant volume differences at the Forest or Admin-
istrative Area scales (see appendix).

The single designation of productive forest provided by this option includes sites
representing an extremely broad range of conditions. Using this approach would
essentially reduce the stand-level wildlife habitat coefficient to a single value for all
sites, though the physical characteristics of each may differ considerably. For wildlife
species that are most productive in a relatively narrow range of habitat conditions,
this option does not permit a habitat capability analysis that discriminates among
suitability of stands differing widely in habitat conditions. Use of a single value to
represent stand condition, moreover, excludes specialist species requiring dense
high-volume stands or open-canopied low-volume stands. Estimates of wildlife species
that occupy a broad range of habitats will be poor because the single volume stratum
value will reflect only a small portion of the spectrum of habitat capability that exists
and changes across the Forest. For species that do best under disparate volume
conditions, but especially those that do best in lower volume conditions, this option
will result in underestimating habitat capability. Conversely, it will grossly overestimate
habitat capability for species that do best under conditions represented by the mean
volume value applied across the Forest. Significantly underestimating or overesti-
mating capability may have implications for subsistence and viability effects analyses.

Table 2—Option B net volume estimates, sample sizes, and
95-percent confidence intervals

95-percent
Area Mean volume confidence interval Sample size

Mbf/acrea Mbf/acrea Numberb

Chatham Area 24.1 ± 2.7 95
Ketchikan Area 28.0 ± 2.0 174
Stikine Area 28.9 ± 2.5 121
Tongass-wide 27.3 ± 1.4 390

a Mbf = thousand board feet, Scribner decimal C, 16-foot logs.
b 67 samples were excluded from our analysis because they had 3 or fewer
subplots (Chatham Administrative Area), had a history of partial cutting,
or were on private land.
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Option C: Low- and
High-Volume Strata

The low- and high-volume option segregates VC4 from a grouping of VCs 5-6-7
for each Administrative Area (fig 1., table 3). This option follows recommendations
offered by Brickell (1989) and allows us to recognize statistical distinctions among
TIMTYP volume strata shown by the timber inventory. For the Ketchikan and Stikine
Administrative Areas, Brickell found that even though there was a statistical differ-
ence between VC4 and VCs 5-6-7, there generally were no differences among VCs
5, 6, and 7. Brickell did find one significant difference at the 0.05 probability level for
VC5 and VC7 in the Stikine Area but cautioned that it would be unwise to base any
inference on only two samples for VC7 (Brickell 1989). He concluded that we could
combine VCs 5, 6, and 7 with little sacrifice to the precision of timber estimates.

Option C is an improvement over option B relative to wildlife modeling, because
it provides for two stand-level habitat conditions that allow some discrimination of
habitat suitability among stands with widely differing conditions. Option C still suffers,
however, from some of the problems identified under option B, notably excluding
evaluation of specialist species that need habitat conditions at the upper or lower
portions of the range of volumes. Although not as often or as great as under option
B, option C could result in appreciable underestimates and overestimates of habitat
capabilities for some wildlife species across portions of the Forest.

Option D: Low-,
Medium-, and
High-Volume Strata

Option D uses soils and slope information from the CLU database to explain the
variation in the low-and high-volume strata developed in option C (Brickell’s [1989]
recommendation). This option takes two basic, statistically defensible predictors of
volume from the CLU database (i.e., hydric soils and slope) and combines them with

Table 3—Option C net volume estimates, sample sizes, and 95-percent
confidence intervals

Volume strata 95-percent
and area Mean volume confidence interval Sample size

Mbf/acrea Mbf/acrea Numberb

Low-volume stratum:
Chatham Area 19.3 ± 2.8 58
Ketchikan Area 20.4 ± 2.3 72
Stikine Area 23.9 ± 3.5 56
Forest-wide 21.1 ± 1.6 186

High-volume stratum:
Chatham Area 31.6 ± 4.4 37
Ketchikan Area 33.3 ± 2.5 102
Stikine Area 33.2 ± 3.4 65
Forest-wide 33.0 ± 1.8 204

a Mbf = thousand board feet, Scribner decimal C, 16-foot logs.
b 67 samples were excluded from our analysis because they had three or fewer
subplots (Chatham Administrative Area), had a history of partial cutting, or were
on private land.
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the two most basic, statistically defensible predictors from the TIMTYP database (fig.
1, table 4). The result is a statistically significant delineation of the forest into three
strata (i.e., low, medium, and high) for each Administrative Area (except for low vs.
medium for the Stikine Area 0.05<p<0.10). This option is the product of a study of
the applicable “regression variables” suggested by Brickell (e.g., elevation, aspect,
slope percentage, site index, landform-plant association, soil type, and forest type).
The inventory plots established within a CLU polygon having hydric (≥50-percent
areal coverage of hydric soils) and poorly drained soils (as inferred by having less
than a 55-percent slope) had a statistically significant lower mean net volume than
those that did not for both the “low” VC4 and “high” VC 5-6-7 strata in option C.
Polygons in hydric, poorly drained soils often are mixed with or surrounded by
nonforested peatlands and often are ecologically different from those polygons
surrounded by upland forested areas.

Option D provides a wider range of volume conditions to evaluate habitat capability,
which could improve the resolution of effects analysis for more wildlife species. One
limitation of option D is that soils and slope information is not available for most
wilderness areas within the Tongass, which has important implications for modeling
wildlife populations.

Table 4—Option D net volume estimates, sample sizes, and 95-percent
confidence intervals

Volume strata 95-percent
and area Mean volume confidence interval Sample size

Mbf/acrea Mbf/acrea Numberb

Low-volume stratum:
Chatham Area 13.2 ± 3.2 22
Ketchikan Area 16.1 ± 2.5 39
Stikine Area 18.3 ± 5.3 16
Forest-wide 15.7 ± 1.9 77

Medium-volume stratum:
Chatham Area 23.0 ± 3.0 43
Ketchikan Area 26.2 ± 2.7 55
Stikine Area 26.0 ± 4.2 42
Forest-wide 25.1 ± 1.9 140

High-volume stratum:
Chatham Area 34.6 ± 5.6 25
Ketchikan Area 35.0 ± 2.9 80
Stikine Area 34.0 ± 3.5 61
Forest-wide 34.6 ± 2.0 166

a Mbf = thousand board feet, Scribner decimal C, 16-foot logs.
b 74 samples were excluded from our analysis: 67 samples because they had 3 or
fewer subplots (Chatham Administrative Area), had a history of partial cutting, or were
on private land; 7 samples were excluded because they did not have common land unit data.
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Option E: Low-,
Medium-, High-, and
Very High-Volume Strata

This option uses site index from the CLU database, and volume class and forest type
information from the TIMTYP database, to subdivide the three strata in option D into
four strata: low, medium, high, and very high (fig. 1, table 5). This option is our best
effort to statistically delineate the very high volume with available Tongass GIS data.
Option E provides a statistically defensible four-strata coverage for the entire Tongass
(i.e., all Areas combined) but not for each Administrative Area. This option is less stat-
istically defensible than option D but still has sufficient statistical merit to be con-
sidered for quantifying the very high-volume stratum at the Forest scale.

Table 5—Option E net volume estimates, sample sizes, and 95-percent
confidence intervals

Volume strata 95-percent
and area Mean volume confidence interval Sample size

Mbf/acrea Mbf/acrea Numberb

Low-volume stratum:
Chatham Area 13.2 ±3.2 22
Ketchikan Area 16.1 ±2.5 39
Stikine Area 18.3 ±5.3 16
Forest-wide 15.7 ±1.9 77

Medium-volume stratum:
Chatham Area 23.0 ±3.0 43
Ketchikan Area 26.2 ±2.7 55
Stikine Area 26.0 ±4.2 42
Forest-wide 25.1 ±1.9 140

High-volume stratum:
Chatham Area 29.0 ±9.2 8
Ketchikan Area 32.4 ±3.4 47
Stikine Area 30.6 ±4.4 38
Forest-wide 31.4 ±2.5 93

Very high-volume stratum:
Chatham Area 37.2 ±7.3 17
Ketchikan Area 39.6 ±5.3 29
Stikine Area 39.6 ±5.3 23
Forest-wide 39.0 ±3.2 69

a Mbf = thousand board feet, Scribner decimal C, 16-foot logs.
b 78 samples were excluded from our analysis: 67 samples because they had 3
or fewer subplots (Chatham Administrative Area), had a history of partial cutting,
or were on private land; 7 samples because they did not have common land unit
data; and 4 samples because they did not have site index data.
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An Approach for
Reducing the
Likelihood of
Overestimating
Timber Volume

A basic tenet of the forest planning process is that resources are to be managed
sustainably (16 U.S.C. § 531, Multiple-Use Sustained-Yield Act of 1960). In esti-
mating resource abundance, one usually overestimates or underestimates the
availability of a given resource. If resources were uniformly distributed spatially,
an across-the-area mean probably would not result in the continued underuse or
overuse of a resource. In southeast Alaska, though, where the forest is clearly
distributed in a spatially heterogeneous fashion, an Area-wide averaging approach
will not prevent the possibility of resource overuse in certain segments of the
landscape.

It seems prudent that if one wishes to manage resources sustainably, then one
needs to prevent overestimating the abundance of resources under management.
This approach is especially critical when one recognizes that the management of
a keystone resource (fundamental component of an ecosystem, for example) has
significant implications for numerous resources across the Forest (wildlife, for
example).

Using the mean of a normal sampling distribution of the sample means for a popula-
tion will, by definition, overestimate the true mean 50 percent of the time. Alterna-
tively, one can reduce the probability of overestimating the true mean by using an
estimate of the mean that is less than the mean of the sampling distribution. A con-
ventional approach to characterizing the availability of a resource is to define the
population with a mean and a range of values that are inclusive within a specified
probability of occurrence within that population for a given sample size. This range of
values is typically referred to as a “confidence interval.” The confidence interval
represents a range of values between which there is a given probability (95 percent,
for example) of correctly estimating the true population mean. For example, the lower
limit of a confidence interval provides a 5-percent chance of overestimating the true
population mean and a 95-percent chance of underestimating the true population
mean. Using a lower confidence interval value is one refinement that reduces the
likelihood of overestimating the timber resource.

Key Results Use of the timber volume item of the TIMTYP database in the TLMP revision is limited
by the resolution and quality of information available from the timber inventory. The
timber inventory used 457 plots distributed across the Forest to estimate volume
within the Forest-wide strata identified on a land type map. Even though these data
provided a statistical basis for discerning volume strata at the Administrative Area or
Forest scale, they did not sample enough points per polygon to estimate the volume
of individual polygons. We cannot currently use the timber inventory in a statistically
reliable fashion to evaluate the accuracy of the TIMTYP database at scales finer than
the Administrative Area (options B, C, and D) and at scales finer than the Forest
(option E). None of the options is statistically reliable at the management area, value
comparison unit (VCU), or project level. Table 6 presents several advantages and
disadvantages of using each option presented above.
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Table 6—Advantages and disadvantages of the TIMTYP options

Options Advantages Disadvantages

Option A, forest volume
classes 4-7 Provides Forest-wide coverage Is not statistically reliable at the Forest,

Offers spatially explicit volume information Administrative Area, or finer levels
May be useful in identifying stand attributes
other than net volume (density, tree size,
for example) that are useful in describing
wildlife habitat quality

Option B, productive forest Provides a single, Area-wide volume Does not distinguish between forest types
stratum for productive forest that the timber inventory suggests are

Simplifies modeling statistically different
Statistically reliable at the Area- and Does not distinguish the less economical
Forest-wide levels land base from the rest

Excludes ability to evaluate some volume-
specific species

Poorly estimates habitat capabilities for
species that do best under extremely low-
or high-volume conditions

Option C, low- and high-
volume strata Distinguishes among forest types that the Allows some discrimination of habitat

timber inventory indicates are statistically suitability among stands with widely
different differing conditions

Offers spatially explicit volume information Excludes our ability to evaluate some
Provides Forest-wide coverage volume-specific species
Is statistically reliable at the Area- and Could result in appreciable underestimates
Forest-wide scales and overestimates for some wildlife

species (less than option A)

Option D, low-, medium-,
and high-volume strata Provides differences among volume strata Cannot be applied in most wilderness areas

that are statistically significant at the Area-
and Forest-wide levels

Offers spatially explicit volume information
Provides a wide range of volume conditions
that could improve the resolution of effects
analyses

Option E, low-, medium-,
high-, and very high-
volume strata Provides differences among volume strata Cannot be applied in most wilderness areas

that are statistically significant at the Forest-
wide level

Offers spatially explicit volume information
Provides the widest range of volume
conditions that could improve the resolution
of effects analyses
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Appendix
Summary of Statistical
Tests

A summary of results from statistical tests is provided below, by option, that com-
pares polygon sample means within Administrative Areas (Chatham, Ketchikan, and
Stikine) and Tongass-wide (ANOVA, Scheffé multiple comparison, α = 0.05; SAS
Institute 1990). All tests used square root-transformed data to meet assumptions
of ANOVA.

1. Option A— Tests for differences among VC 4-5-6-7 Forest-wide

H0: µ (i) = µ (j) Ha: µ (i) µ (j)

i,j = VC4, VC5, VC6, VC7

Results: The results of the tests are mixed and are tabulated below. Significant
values are in bold type.

Area (Scheffé Scheffé test statistic, by volume strata
critical value)
and volume strata VC4 VC5 VC6

Chatham Area (2.849):
VC5 3.978
VC6 3.861 1.675
VC7 2.843 1.560 0.477

Ketchikan Area (2.824):
VC5 6.911
VC6 4.503 0.322
VC7 3.779 0.677 0.804

Stikine Area (2.837):
VC5 3.608
VC6 2.358 0.545
VC7 2.788 1.836 1.410

Tongass-wide (2.808):
VC5 8.840
VC6 6.137 0.783
VC7 5.262 2.021 1.392

2. Option B— No test was made because there is only one volume stratum

3. Option C— Test for difference between low- (VC4) and high- (VC5-6-7) volume
strata

H0: µ Low = µ High Ha: µ Low µ High

Results: Rejected the null hypothesis. There is a difference between low- and
high-volume strata for each Administrative Area and Tongass-wide. Significant
values are in bold type.

≠

≠
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Area (Scheffé Scheffé test statistic, by volume strata
critical value)
and volume strata VC4

Chatham Area (1.986):
VC5-6-7 5.098

Ketchikan Area (1.974):
VC5-6-7 7.555

Stikine Area (1.980):
VC5-6-7 4.092

Tongass-wide (1.966):
VC5-6-7 10.060

4. Option D— Tests for differences between low- and medium-, and medium-, and
high-volume strata

H0: µ (i) = µ (j) Ha: µ (i) µ (j)

i,j = low, medium, high

Results: Rejected the null hypothesis for each Administrative Area and Tongass-
wide. There is a significant difference for each Administrative Area except for low
vs. medium in the Stikine Area (0.05<p<0.10). Significant values are in bold type.

Scheffé test statistic,
Area (Scheffé by volume strata
critical value)
and volume strata Low Medium

Chatham Area (2.491):
Medium 3.524
High 6.940 4.398

Ketchikan Area (2.469):
Medium 4.342
High 8.731 4.546

Stikine Area (2.480):
Medium 1.984
High 4.263 3.064

Tongass-wide (2.457):
Medium 5.701
High 11.779 7.104

≠
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5. Option E— Tests for differences between low-, medium-, high-, and very
high-volume strata

H0: µ (i) = µ (j) Ha: µ (i) µ (j)

i,j = low, medium, high, very high

Results: Results were mixed. There is a significant difference between the high and
very high strata at the Tongass-wide scale only. Significant values are in bold type.

Scheffé test statistic,
Area (Scheffé by volume strata
critical value)
and volume strata Low Medium High

Chatham Area (2.852):
Medium 4.378
High 4.180 1.501
Very high 7.509 4.458 1.631

Ketchikan Area (2.824):
Medium 5.348
High 7.939 3.022
Very high 9.421 5.188 2.500

Stikine Area (2.837)
Medium 2.269
High 3.603 1.818
Very high 5.423 4.237 2.619

Tongass-wide (2.808):
Medium 6.974
High 10.164 4.310
Very high 13.179 8.126 3.894

≠
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Tentative Suitability of Forested

Wetlands for Timber Production:

A Resource Assessment

Kent R. Julin and Chris T. Meade

Issue Definition The Alaska Region had to decide whether forested wetlands on Kaikli, Karheen,
Kitkun, and Maybeso soil series would be retained in the tentatively suitable land
base in the revision of the Tongass land management plan. The issue of retaining
forested wetlands on organic soils within the tentatively suitable land base at the
Tongass National Forest was raised by Forest Service soil scientists (Brock and
Kissinger 1995). They recommend that forested wetlands be reclassified as un-
suitable forest land owing to a lack of adequate response information (Forest
Service Handbook [FSH] 2409.13). This paper examines the issue of tentative
suitability as it relates to forested wetlands on the four soil series listed above.

Background Forest Service regulations include criteria for identifying lands “not suitable” for
timber production (36 Code of Federal Regulations [CFR] §219.14[a]) and lands
“not appropriate” for timber production (36 CFR §219.14[c]). The Forest Service
Handbook provides additional guidance on how to determine which lands are
“tentatively suitable” fortimber production (FSH 2409.13-21) and which lands are
“not appropriate” for timber production (FSH 2409.13-23).

Forest Service regulations also require that “forest planning shall provide for
adoption of measures, as directed in applicable Executive orders, to minimize
risk of flood loss, to restore and preserve flood plain values, and to protect
wetlands” (36 CFR §219.23[f]). Executive Order 11990: Protection of Wetlands
(1977) requires that:

each agency shall provide leadership and shall take action to minimize
the destruction, loss or degradation of wetlands, and to preserve and
enhance the natural and beneficial values of wetlands in carrying out
the agency’s responsibilities for...managing...Federal lands....

Analysis of
Information

In our analysis, we reviewed background information on forested wetlands in
southeast Alaska and discussed the issue with Forest Service Regional and
Area silviculturists and soil scientists. Our analysis emphasized the questions
posed in the tentatively suitable forest land classification process (i.e., 36 CFR
§219.14[a] and FSH 2409.13-21). The six questions used in this decision
process for determining tentative suitability are addressed below relative to
forested wetlands.
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Is the Land Forested? 1 Forested land is defined in 36 CFR §219.3 as “land at least 10 percent occupied by
trees of any size or formerly having had such tree cover and not currently developed
for non-forest use. Lands developed for non-forest use include areas for crops, im-
proved pasture, residential, or administrative areas, improved roads of any width, and
adjoining road clearing and powerline clearing of any width.” Because all soil series
in question can support forested plant associations (DeMeo and Loggy 1989), they
could be carried forward to the next step in the tentatively suitable process.

Is the Land Withdrawn
From Timber
Production? 2

Forested wetlands as a whole are not withdrawn from timber production under the
current Tongass land management plan. However, forested wetlands within wilder-
ness areas, national monuments, or other areas where timber harvest is prohibited
by law (e.g., Tongass Timber Reform Act [1990] riparian buffers and land use de-
signation II [LUD II] areas) are by definition unsuitable for timber production. The
remaining forested wetlands within the Tongass National Forest are not withdrawn
from timber production, and thus could be carried forward to the next step in the
tentatively suitable process.

Is the Land Capable of
Producing Crops of
Industrial Wood? 3

Lands capable of producing crops of industrial wood are those that support tree
species currently used or likely to be used by the timber industry within the next
10 years. The soil series under consideration support commercial tree species
including western hemlock (Tsuga heterophylla (Raf.) Sarg.), Sitka spruce (Picea
sitchensis (Bong.) Carr.), western redcedar (Thuja plicata Donn ex D. Don), and
Alaska-cedar (Chamaecyparis nootkatensis (D. Don) Spach). Because these lands
are capable of producing industrial wood crops, they could be carried forward to the
next step in the tentatively suitable process.

Is Irreversible Damage
Likely to Occur? 4

Forest land is considered physically suitable if technology is available to ensure
that timber production will not result in irreversible resource damage to soils,
productivity, or watershed conditions. Research concerning damage to forested
wetlands in southeast Alaska resulting from timber harvest is limited. Kissinger
and others (1979) report severely stunted young-growth stands on Kaikli, Karheen,
and Maybeso soils in the south Kupreanof area. Seven to nine years after stand initia-
tion, they observed reduced height and diameter growth rates, which they attributed
to nitrogen deficiency. It was not established whether this pattern of decline was a
result of timber harvest or whether it represented the normal growth patterns of
young-growth stands on wetland soils.

1 36 CFR 219.14[a][1] and FSH 2409.13-21.1.

2 36 CFR §219.14[a][4] and FSH 2409.13-21.2.

3 FSH 2409.12-21.3.

4 36 CFR 219.14[a][2] and FSH 2409.13-21.41.
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Weetman and others (1989) describe young-growth plantations of Sitka spruce that
occurred after clearcutting and burning5 on deep humic podzols on Vancouver
Island, British Columbia. They attributed the sharp decline in height growth and
needle chlorosis observed in 8- to 14-year-old plantations to nitrogen and phos-
phorus deficiencies and a suspected allelopathic effect from salal (Gaultheria
shallon Pursh) colonizing the site after harvest.

Silviculturists at the Tongass National Forest have observed no short-term
damage to forested wetlands harvested during the past 20 years. They have
observed adequate restocking of forested wetland sites, which indicates that
short-term damage has not occurred (Zaborske 1995).

There is no compelling scientific basis for concluding that harvest from forested
wetlands will or will not result in irreversible damage to soil productivity or water-
shed conditions. Fertilization could be used to restore soil productivity, should it be
demonstrated that timber harvest on forested wetlands negatively affects soil fertility.
More information clearly is needed on the impacts to the functions and values of
forested wetlands following timber management activities (i.e., road building,
harvesting, thinning) to adequately address the question of irreversible damange.

Can the Area Be
Restocked Within 5
Years? 6

The purpose of this step in the tentatively suitable process is to “determine whether
or not there is a reasonable assurance that it is possible to restock the remaining
forest lands adequately within five years of final harvest, based on existing tech-
nology and knowledge” (FSH 2409.13-21.42). “Adequate restocking means that the
cut area will contain the minimum number, size, distribution, and species composition
of regeneration as specified in Regional silvicultural guides for each forest type”
(36 CFR §219.27[c][3]).

The Alaska Regional silvicultural guide (FSH 2409.17-2.4) specifies the density
(300 trees per acre), height (4 inches), and distribution goals (60 percent stocked in
natural stands; 80 percent stocked in planted stands) in its restocking assessment.
We believe that the Regional silvicultural guide could be improved by adding species
composition to its assessment.

In the Alaska Region, natural regeneration accounts for over 93 percent of the
reforestation program and is almost always successful. Many of these areas are
certified as restocked in the third year. Those areas not certified as restocked after
3 years are closely monitored and, if necessary, planted to bring stocking levels to
standards. Planting accounts for the remaining portion of the reforestation program
and almost always is successful. For areas receiving final harvest in 1988 or 1989,
almost 96 percent have been certified as restocked through either natural regenera-
tion or planting. The remaining areas were planted within the past 2 to 3 years and
will not be eligible for certification until 5 years after planting occurs (Zaborske 1995).

5 Burning of slash after clearcutting is an uncommon practice
in the Tongass National Forest (Zaborske 1995).

6 36 CFR 219.14[a][3] and FSH 2409.13-21.42.
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Evidence suggests that regeneration on the soils in question technically meets
the criteria for adequate restocking as specified in the Regional silvicultural guide.
Therefore, forest land on these wetland soils could be carried forward in the tenta-
tively suitable process.

Is Adequate Response
Information Available? 7

The tentatively suitable determination process also evaluates whether adequate
growth response information is available. Response information can include existing
research and professional experience necessary to project responses to timber man-
agement practices.

Information concerning the productivity of forested wetlands in southeast Alaska is
extremely limited for defining forested wetland yield. These data (table 1), collected
primarily from stands growing on Maybeso soils, were used to construct site index
curves for Sitka spruce. There is no information concerning growth on the Kitkun
soils or for growth of western redcedar or Alaska-cedar at these sites. Current
research, as summarized in table 1, although not statistically conclusive, suggests
that Maybeso, Kaikli, and Karheen soils are capable of producing Sitka spruce and
western hemlock within a moderate growth range.

Stephens and others (1968a) obtained site index values of 38 and 41 for Sitka spruce
on Maybeso soils. In a subsequent study, Stephens and others (1968b) found that
Maybeso and Kaikli soils had an average 100-year site index of 73 for Sitka spruce
(estimated 50-year site index of 45) and that the Karheen soils studied had an aver-
age 100-year site index of 100 (estimated 50-year site index of 65).

Babik (1983) described soil profiles, measured tree heights, and estimated tree ages
in a mixed western hemlock-Sitka spruce stand on Brownson Island in the Stikine
Area. From this information, 50-year site indexes of 43 for western hemlock and 57
for Sitka spruce were estimated.

7 FSH 2409.13-21.5.

Table 1—Site indices for several forested wetland soil series in
southeast Alaska a

50-year
Soil series site index Species Reference

Feet

Maybeso 38 Sitka spruce Stephens and others 1968a
Maybeso 41 Sitka spruce Stephens and others 1968a
Maybeso 57 Sitka spruce Babik 1983
Maybeso 43 Western hemlock Babik 1983
Maybeso/Kaikli 45 Sitka spruce Stephens and others 1968b
Kaikli 48 Sitka spruce Farr 1984
Karheen 65 Sitka spruce Stephens and others 1968b

a Yield tables for young-growth western hemlock-Sitka spruce stands provide a basis for relating
site index and yield. Stands with a site index of 43 (50-year index age) produce 53 cubic feet per
acre per year at the culmination of mean annual increment (Taylor 1934).
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A site index and height growth curve study by Farr (1984) includes one plot with
wetland soils. The Young Bay plot was on Kaikli soils and showed a 50-year site
index of 48 for Sitka spruce.

The cooperative stand density study8 included two plots with organic wetland soils.
One plot was at Falls Creek (no. 2830) on Maybeso Series and showed 50-year site
indexes of 81 and 88 for Sitka spruce and western hemlock, respectively. This plot
produced 840 cubic feet in the 19 years after stand initiation (44 cubic feet per year).
Another plot was at Saks Cove (no. 1700) on Karheen Series and exhibited 50-year
site indexes of 101 and 87 for Sitka spruce and western hemlock, respectively. This
plot produced 10,624 cubic feet in the 58 years after stand initiation (183 cubic feet/
year). These volumes may not be representative for the Karheen series owing to the
presence of other soil series on the plot.

Stunted young-growth stands on Kaikli, Karheen, and Maybeso soils in the south
Kupreanof area were investigated by Kissinger and others (1979) as described pre-
viously. Data presented in this report were insufficient to calculate site index values
or yield. Kissinger and others (1979) noted, however, that height and diameter growth
patterns for trees on these soils were comparatively lower than those for adjacent
upland stands.

Because of a paucity of research and documented experience, we conclude that
there is inadequate information for responses to timber management practices on
the soils in question.

Key Findings The Forest Service Handbook provides six criteria for determining whether land
is tentatively suitable for timber production. We reviewed these criteria with con-
sideration of forested wetlands on Kaikli, Karheen, Kitkun, and Maybeso soil series
in the Tongass National Forest. Forested wetlands on the soil series in question
satisfy four of these criteria: this land (1) is forested, (2) is not withdrawn from tim-
ber production, (3) is capable of producing crops of industrial wood, and (4) can be
restocked within 5 years of final harvest. Two criteria clearly are not satisfied: (1) it
is unknown whether irreversible damage is likely to occur to soils, productivity, or
watershed conditions; and (2) there is inadequate response information to project
the effects of timber management practices on this land. A current study on growth
and yield of forested wetlands will address the response question. Additional work
may be necessary to address fully the question of irreversible damage. Documenting
the impacts to the functions and values of forested wetlands resulting from timber
harvest could be accomplished as part of the monitoring program of the Forest.

8 Data on file with: Pacific Northwest Research Station,
2770 Sherwood Lane, Suite 2A, Juneau, AK 99801.
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Controlling Stability Characteristics

of Steep Terrain With Discussion

of Needed Standardization for Mass

Movement Hazard Indexing:

A Resource Assessment

Douglas N. Swanston

Issue Definition This paper presents an overview of factors controlling soil stability on steep terrain in
southeast Alaska. A Forest-wide standardized approach for stability hazard assess-
ment in the Tongass National Forest (Tongass) also is presented.

Background
Failure Type

A debris avalanche, defined as the failure of a finite mass of water-charged
overburden material along a more-or-less planar or flat surface (Swanston 1974b), is
the dominant failure type on steep forested slopes in southeast Alaska. Once failure
occurs, the initial mass rapidly breaks apart owing to internal stresses; because
of the high water content, it is transformed into a mixture of water, soil, rock, and
organic debris that rapidly moves downslope. This type of secondary failure is
called a debris flow.

Failure Mode These landslides primarily occur at a shallow depth (1 to 3 feet) and develop entirely
in the soil overburden. Few involve bedrock failure or deep rotational failures in silts
and clays. Failure generally occurs along a well-defined plane marking the boundary
between soil overburden and either bedrock or compact glacial till (fig. 1).

Once failure occurs, movement is predominantly translational (all particles of the
soil mass move with the same velocity along parallel paths) with displacement
along and parallel to the failure surface. Because of the shallow nature of the soil
overburden, the gradient of the potential failure surface is approximately equal to
the slope gradient.

Soil Overburden
Characteristics

The soil overburden texture is characteristically gravely sandy silt or gravely silty sand
(MH-ML; SM-GM according to the Unified Classification System [U.S. Army Corps
of Engineers 1953]); less commonly the texture may be sandy gravel (Schroeder
and Swanston 1987). Soil overburden with these textural characteristics generally
has low liquid limits and low plasticity, indicating little or no cohesion. The dominant
steep-slope soil types in southeast Alaska are no exception (Schroeder and Swanston
1987). For the most part, these index properties (called Atterberg Limits) are of little
value for judging strength characteristics. Plasticity is so low (except for marine silts)
as to have little influence on cohesion. Organic content has no significant effect on
cohesive strength. The organic content is highly variable, however, and may exceed
30 percent locally owing to downward migration of organic particles into the mineral
soil zone. This occurrence could substantially increase plasticity and apparent
cohesion at some sites.
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These soil overburden materials compress readily during shear, thereby reflecting
low densities (80 to 100 pounds per square foot) and high void ratios (Wu and
others 1979, Wu and Swanston 1980). The materials are commonly assumed to
be cohesionless for general analysis purposes, although some cohesion usually is
present. This becomes significant in determining the resistance to failure on very
steep sites where the angle of internal friction of the material exceeds the slope
gradient.

Potentially unstable slope gradients range from 60 to 72 percent. Engineering
analyses of soils in southeast Alaska (Schroeder and Swanston 1987) indicate
that slopes must be considered highly unstable when they exceed 72 percent.
Based on statistical analysis of grouped samples of dominant soil types on steep
terrain in southeast Alaska, the mean effective angle of internal friction for till and
colluvial soils is 72 percent (Schroeder and Swanston 1987). This mean drops to
70 percent for residual soils. The mean values may be used for general assess-
ment of soil behavior (i.e., for Forest planning purposes). The fifth percentile values
for these soil groups is 51 percent for colluvium and till soils and 65 percent for
residual soils. The fifth percentile is the value such that only 5 percent of the values
of a normally distributed sample population are less than this. The fifth percentile
values are comparative and should be used in sensitive situations where the con-
sequences of occasional failures are undesirable.

Figure 1—Debris avalanche-debris flow in Marten Arm, northern shore of Bradfield Canal,
southeast Alaska.
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Typical of coarse-grained materials in general, these soils have a high hydraulic con-
ductivity or permeability (Terzaghi and Peck 1960). Unsaturated flow rate is about
1.3 inches per hour, and saturated flow rate is about 0.25 inch per hour (Vandre and
Swanston 1977). Infiltration rates are rapid and capable of transmitting low-intensity
precipitation virtually without surface runoff occurring. During high-intensity storms,
input of rainfall may reach or exceed the infiltration rate, and a steady state of trans-
mission of infiltrating water downward to an impermeable surface occurs. Because
of the lower saturated flow rate for these materials, water ponds above this imper-
meable surface and a temporary water table develop. If precipitation intensities are
great enough and rainfall duration is long enough, the water table will reach the
surface and runoff will occur.

Slope microtopography is an important factor in determining where and how often
landslides occur (Swanston 1974b, Swanston and Howes 1991). Linear depressions
or “hollows” (also called zero-order basins) initially produced by differential weathering
and erosion along fractures and joints in bedrock, and by prehistoric landslide activity,
are widespread on steep slopes of southeast Alaska (Swanston 1974b, Sidle and
others 1985). Over geologic time periods, these hollows fail cyclically. Once failure
occurs, they refill with soil and debris from local slumping and with sliding from the
sides of the hollows. Soils in these areas commonly display well-developed horizons
and support mature forest growth, suggesting a minimum of 300- to 500-year land
slide intervals in individual hollows. Such sites are natural foci of convergent ground
water flows, where the accumulated soil and debris become locally saturated and
form temporary water tables that initiate landslides. These features are the points of
origin of most of the landslides in southeast Alaska (Swanston 1967). The degree of
soil development (indicating relative age) within the hollows, the thickness of soil and
debris infill, and the spacing of the hollows on steep slopes are strong indicators of
landslide hazard. In general, land slide hazard increases with increases in deposit
thickness and age and landslide spacing (number per unit area). Water table depth in
these overburden materials depends on factors such as, but not limited to:

• Antecedent moisture conditions—how much rain has fallen and how much water
is present in the overburden at the time of a high-intensity storm.

• Hydraulic conductivity along the soil-rock interface.

• Storm intensity—for overburden materials characteristic of southeast Alaska,
a rainfall intensity of 6 inches per 24 hours is usually adequate to completely
saturate the overburden and thus develop a temporary water table with a
piezometric surface at or near the ground surface (Schroeder and Swanston
1987, Sidle and Swanston 1982, Swanston 1967).

Failure Mechanics Because of the coarse soil textures, shallow overburden, and planar nature of the
underlying bedrock or till surfaces on which sliding occurs, these debris avalanches
and debris flows can be analyzed from a practical engineering standpoint by using
the infinite slope model (Hough 1957, Swanston 1970, Terzaghi 1950, Terzaghi and
Peck 1960, Wu 1966). The infinite slope model considers forces acting on a block of
material of unit thickness and width situated on a slope of infinite length. The forces
developed in the overburden material upslope of the block and tending to push the
block downslope are countered by equal and opposite forces tending to maintain the
block in situ. The same is true for lateral forces acting against the block.

46



The only forces that need to be considered in the analysis are illustrated in figure 2:

• Weight of the soil block (W).

• Component of the weight directed upslope as frictional resistance along the failure
surface ( ).

• Component of the weight directed downslope as gravitational stress ( ).

• Cohesion (C), or the ability of individual soil particles to stick together because of
weak electrical bonding of clay components or capillary tension during dry periods.

• Root stabilization (R) developed in the overburden by (a) anchoring of roots
through the shallow overburden and into the underlying till, and (b) reinforcing
and binding of the overburden materials laterally.

The relative stability of a site can be approximated by considering the factor of safety
against failure (FS) developed along the potential failure surface (Swanston 1970).
This factor is expressed as the ratio of the strength (S) or forces tending to resist
failure and the shear stress (T) or forces tending to cause failure. Weight of the soil
block is the product of the unit weight of the soil (γ), and soil depth (D). Cohesion (C),
root strength effects (R), and the frictional resistance developed along the sliding
surface (Wcosβtanφ) are forces within the overburden that help constitute its strength
(S) or resistance to failure. Gravitational stress (Wsinβ) and any external dynamic
stresses developed due to cyclical loading caused by machinery, earthquakes, or
blasting (W/gα) constitute forces tending to cause failure:

Wcos tanβ φ

Wsinβ

Figure 2—Infinite slope model.
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(1)

where:

= gradient of the failure surface,

= angle of internal friction,

g = acceleration of gravity (32 feet per second per second), and

= peak particle acceleration generated by vibrations of materials.

The stability of materials on steep forested slopes is strongly influenced by the devel-
opment of a temporary water table and by slope gradient. Saturation of materials and
development of a water table produce a vertical force called pore-water pressure (µ)
that reduces the effective weight (and thus frictional resistance) of the material acting
along the failure surface by creating a buoyancy effect. If slope gradient approaches
or exceeds the angle of internal friction of the material, then stability of a site is de-
creased to a critical level. In the absence of any water table, gradient alone controls
slope stability. This situation is illustrated by reformulation of the factor of safety equa-
tion and consideration of conditions typical of steep, unstable slopes in southeast
Alaska:

(2)

Cohesion and root strength effects are small in these coarse granular materials but
significant on extremely steep, unstable sites; cohesion is generally less than 206
pounds per square foot (Schroeder and Swanston 1987). Root strength is generally
less than 144 pounds per square foot (Wu and others 1979). If these forces are
ignored, then the factor of safety equation can be rewritten as:

(3)

Under natural undisturbed conditions, the factor of safety and therefore the stability
of a site, is controlled by the angle of internal friction, gradient of the slope, and the
presence or absence of a temporary water table (Swanston 1970).

General Stability
Situation of Forested
Slopes in Southeast
Alaska

Slopes with gradients at or near the angle of internal friction of the overburden
materials are in a delicately balanced state relative to stability. They are highly
susceptible to any activity that might upset the balance of forces acting to maintain
the overburden materials in place. Factors affecting their stability include:

• Destruction or reduction of stabilizing root system effects through a windthrow, fire,
or management activity.

• Destruction or reduction of cohesion by collapse of soil structure or saturation of
overburden materials.

• Removal of the weight of trees. Although rare, this removal may be a stabilizing
factor on steep slopes underlain by deep, fine-grained residual soils and elevated
glaciomarine silts and glacial lake clays. This stability factor is generally not
significant in southeast Alaska, but may be important on individual sites.

FS =
S
T

C+R+ Wcos tan
Wsin W / g

=
+

β φ
β α

β
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α
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C +R + W -
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µ β φ
β α
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+
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µ φ
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• Reduction in frictional resistance along the potential failure surface by:
—development of a temporary water table.
—reduction in weight of overburden.

• Increasing downslope stresses by:
—removing downslope support of the soil block.
—increasing overburden weight by saturation or surcharging.
—dynamic loading of the soil mass by earthquake or other external stresses.

Management directly influences stability condition through timber harvesting, road
construction, and quarry development. Clearcut harvesting results in degradation
of anchoring and reinforcing root systems (Sidle 1991, 1992; Sidle and Swanston
1982; Swanston 1969, 1970; Wu and others 1979; Wu and Swanston 1980; Ziemer
and Swanston 1987). It also changes the hydrologic regime through decreases in
evapotranspiration and increased water levels in the soil during the fall rainy season.
Road construction may (1) undercut slopes; (2) surcharge or load the surface by
sidecast, rock overlayment, and stockpiling waste; (3) concentrate surface and sub-
surface water in ditches and culverts that may discharge into unstable sites; and from
(4) cause dynamic loading of the soil mass by machinery vibration and right-of-way
blasting (Swanston 1971a, 1971b, 1974a, 1975). Quarry development may increase
surcharging from dumping of stripped materials onto unstable waste sites and from
dynamic loading of steep-slope soil surfaces from ground vibration and rock-throw
during blasting. Dynamic loading during periods of temporary water table develop-
ment is important. The temporary water table couples soil and bedrock together and
transmits lateral stresses to the soil from blasting vibration (Vandre and Swanston
1977).

A Revised
Methodology for
Mass Failure
Hazard Indexing
Current Indexing
Methodology

Hazard indexing for mass failure is a qualitative measure of the expected increase
in frequency of mass failures when vegetation is cleared or the land is disturbed.
Although sufficient baseline data are not available to develop a quantitative index
of mass failure hazard, a qualitative system was developed to rate soils of the
Tongass as part of the land management plan revision process (Alexander 1987).
This mass movement index methodology is based on characteristics of identified
and mapped soil units across the Tongass and on the inherent slope, drainage,
and landform characteristics that control stability of the overburden on the slope. The
methodology, with modifications by the Chatham, Ketchikan, and Stikine Administra-
tive Areas of the Tongass, has been applied since 1989 and is used extensively in
Forest- and project-level planning to assess risks related to the amount and method
of timber harvest. The index values also are used in the Tongass FORPLAN model
to construct soil management unit tables that identify lands with a high hazard of
landslide initiation following management activity.1

In this indexing procedure, five mass movement classes were recognized across
the Forest. These classes are listed with expected effects of disturbance in table 1.

As initially used, the susceptibility for mass failure identified by these indices was
a function of slope gradient, expressed in 15-percent increments, and by parent
material type (related to soil series) as mapped on Administrative Area soil resource
inventories and displayed in the Alaska Region Geographic Information System (GIS).

1 Information available from the Tongass land management
planning record, U.S. Department of Agriculture, Forest
Service, 8465 Old Dairy Road, Juneau, AK 99801.
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The locations are identified by surface characteristics related to slope gradient,
vegetation cover, drainage, and soil properties measured in sample sections. These
surface characteristics and properties are also soil resource inventory (SRI) and GIS
mapping criteria.

Proposed Indexing
Methodology

With new information and analyses, a more quantitative approach to hazard indexing
was developed from identified critical slope gradients, soil (regolith) depth estimates,
soil strength criteria as defined by measured engineering properties, simple soil drain-
age estimates, and limiting landform characteristics (Schroeder and Swanston 1987;
Swanston 1969, 1974b; Swanston and Howes 1991; Wu and Swanston 1980). The
direct effects of soil depth are greatest in very deep cohesive soils, such as uncon-
solidated marine silts and glacial lake deposits of silts and clays. In such materials,
slope and failure surface gradients are low and thus mass of the potential sliding
material becomes more important. In the soil overburden typically underlying forested
slopes in southeast Alaska, depths are shallow, averaging about 3 feet or less, and
mass plays a much less important role. Such materials are coarse textured, highly
permeable, and underlain by relatively impervious substrata that inhibit or stop vertical
water movement and promote saturation and lateral drainage through the shallow
overburden. Soil strength is a function of particle size, shape, composition, and struc-
ture (Alexander and Poff 1985, Mitchell 1976, Terzaghi 1950, Terzaghi and Peck
1960). Together, these variables control porosity, permeability, intragranular friction,
and friction along various planes within the soil mass. Strength is largely determined
by intragranular friction and frictional resistance developed along the potential failure
surface that is controlled by engineering properties inherent to the soil material. The
mean and fifth percentile values of engineering properties of a limited sample of
dominant surface geologic materials in southeast Alaska (Schroeder and Swanston
1987) are displayed in table 2.

These materials also have been mapped as soil series at the broad, Forest-wide,
landscape level as part of the Tongass integrated resource inventory; as such they
are part of the Tongass GIS database. Series corresponding to dominant steep-slope
geologic material types are shown in table 3.

Table 1—Definitions of mass movement indices
developed as part of the 1987 Tongass land
management plan revision

Expected effect of disturbance on
Movement index the frequency of mass failures

Extreme Highly probable increase
High Likely increase
Moderate Moderately probable increase
Low Unlikely increase
Nil Improbable increase
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Table 2—Estimated range of engineering properties (angle of internal friction
[ ] and unit weight [ γ] for surface geologic materials in southeast Alaska

Meana 5th percentileb Meana 5th percentileb Meana

Geologic origin (γ)

– – – Percent – – – – – – – – – – lb/ft2 – – –– – – –

Colluvium and till soils 72 51 206 0 116
Marine sediments 65 36 312 0 131
Alluvium 78 60 182 0 109
Volcanic ash 62 21 240 210 82
Residual soils 70 65 115 85 102

a Mean values should be used for general assessment of soil behavior.
b 5th percentile values should be used for conservative analysis of sensitive areas.

′φ

′φb g ′φb g ′φb g ′φb g

Table 3—Important soil resource inventory (SRI) series
by geologic origin

Soil series Geologic origin

Karta Compact glacial till (basal till)
Tokeen Residual soil derived from igneous rocks
Ulloa Residual soil derived from carbonate rocks
Wadleigh Compact glacial till (basal till)
Mitkof Colluvium and ablation glacial till
Traitors (Vixen) Residual soil high in micacious materials

derived from phyllite and schist
Tolstoi Residual soil derived from noncalcareous rocks
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By using the existing soil series boundaries from individual maps, the Tongass GIS
database, the mean engineering properties, and measured slope gradients (table 2),
a revised and more accurate mass movement indexing methodology can be devel-
oped. At the Forest plan level, ratings made with this revised index are based on
SRI soil series criteria and mapped boundaries, mean engineering properties of soil
series obtained from the literature, and slope gradients estimated from the Tongass
GIS database. At the Area and project levels, accuracy and reliability of the indexing
system can be improved by considering several factors. These include direct sampling
and analysis of soil engineering properties, using indirect indicators of instability—
such as dissection frequency, soil drainage condition, and parent material character-
istics—using more accurate mapping of soil series boundaries, and measuring slope
gradients directly. Thus, the system can be used for any Administrative Area of the
Tongass, regardless of variations in detailed soil map unit differentia, where the soil
taxonomic units, or series, are the same. Detailed soil unit differentia including varia-
tions in soil properties, and topographic conditions can be used in the rating system
to improve class definitions and hazard assessments, particularly at Administrative
Area and project levels. These include (1) variations in parent material type and
origin, which provide useful additional information on density, texture, porosity, perme-
ability, and degree of weathering; (2) depth, local variations of which may alter esti-
mated driving and resisting forces; (3) drainage class, which provides an indication of
local groundwater conditions; and (4) landform type, which identifies specific terrain
conditions, such as slope configuration and dissection, conducive to landslide initia-
tion and increased frequency.

The soil material groups of the rating system are essentially those already in use,
with little modification. The soil depth classes are based on the thickness of non-
organic material (mineral soil) over an impermeable boundary such as bedrock,
compact glacial till, or fine sediments. Depths are divided into the following cate-
gories: micro—less than 7 inches; shallow—8 to 20 inches; moderately deep—21
to 40 inches; and deep—greater than 40 inches. Only the qualitative values of well,
poorly, and very poorly drained classes are used to assess soil drainage. Poorly
and very poorly drained soils on steep, unstable sites are strong indicators of rapid
temporary water table development during storm periods and increased potential
for failure.

This methodology provides a standardized base for Forest-wide stability hazard
assessment at the Administrative Area and project levels. It can be expanded and
adjusted to fit local needs, conditions, and knowledge. The primary purpose of the
protocol is to assure that the same basic data and information are collected and
used across the Forest so that effective comparisons and cross-correlations can be
done on the Tongass. The framework for this suggested methodology was developed
as part of the Alaska Region’s watershed analysis procedures to address the 1994
Amendment by Senator Ted Stevens to the Appropriations Act (Loggy and Swanston
1994) and is based on current Chatham and Ketchikan Area field procedures. The
Chatham and Ketchikan Areas have agreed to this Region-wide standardization;
the Stikine Area has tentative agreed to accept the methodology for limited field use.
The protocol has been further modified by the information presented in this paper.
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A combination of eight quantitative and qualitative variables considered to be con-
trolling factors in determining the stability of a soil map unit are grouped into four
mass failure hazard classes to estimate a map unit’s natural mass movement (fig. 3).

A mass failure hazard class of 1 is for a factor having a lower potential for contributing
to a mass failure; a rating of 4 indicates a factor having the highest potential for con-
tributing to a mass failure. Each variable is weighted based on a qualitative estimate
of its degree of importance in contributing to a mass failure. Numerical ratings, multi-
plied by the weighting factor, yield a total rating or index for each variable. Ratings
are summed, divided by the total points possible (260) and then multiplied by 100 to
obtain the mass unit failure hazard rating. The range in ratings by class or index and
the GIS equivalents appear in table 4. The original five classes from table 1 are
reduced to four by combining high and extreme categories.

Figure 3—Form used to calculate the mass failure hazard of a map unit.

Mass failure hazard classes (MFHC) Rating
Weighting (MFHC

Criteria 1 2 3 4 factor (WF) ∋ WF)

Landform:
Slope shape Vertical Broken Convex Concave-straight 5 —
Slope length (ft) 0-300 301-700 701-1,500 >1,500 5 —
Slope gradient (percent) 5-35 36-55 56-72 >72 20 —

Drainage feature:
Drainage density
(percentage of area) 1-9 10-19 20-39 >40 10 —

Soils:
Soil drainage classa WD, MW b SPD VP, PD 10 —
Soil depth (in) >40 b 20-40 <20 5 —

Geology:
Parent material Carbonate, Noncarbonate, Compact till, Volcanic

colluvium, granitics, marine ash 5 —
alluvium glacial till sediments

Textural class Sand, gravel, Loam Silt Silty clay 5 —
fragmental
loam

Total of ratings —
Map unit mass failure hazard rating (100 ∋ total of ratings / 260) —

—

a Soil drainage classes: MW = moderately well drained; PD = poorly drained; SPD = somewhat poorly drained; VP = very poorly drained;
WD = well drained.

b No soil drainage class or depth information is available for broken slopes.
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The reasons for and identification of factors used to assess each variable in deter-
mining mass failure hazard are documented by Swanston and Rosgen (1980),
Swanston and Howes (1991), Howes and Swanston (1991), and Schroeder and
Swanston (1987). The methodology is designed primarily for planning-level analyses
but may be modified for use at the project level if sufficient field information is avail-
able for factor assessment. The basic procedure has been well documented and
used with modifications throughout the Tongass.

The rating is based on how the soils will react at soil saturation but without water
table development and without application of major destabilizing events, such as
high-intensity storms, rockfall, windthrow, earthquakes, and human-caused disturb-
ance. It thus reflects the natural stability (or instability) of a slope under normal or
average conditions. Other factors, such as anchoring by roots, bedrock structure,
and hollows, are important to maintaining soil and forest cover at an otherwise
unstable site. These modifying factors can and should be used to adjust index
values at the Area and project level to reflect local experience and knowledge.
For example, rating limits have been adjusted in all Areas to allow for limited
management activities on MMI4 soils that are found on historically stable land
forms or have locally variable gradients verified in the field to be below critical
levels (72 percent).

The stability hazard class ratings for mass movement listed in table 4 represent
general guidelines only. At the project level, each soil map unit should be rated
individually because various combinations (fig. 3) of landform, drainage, dissection
frequency, soils, and geology may yield ratings either above or below individual
class limits.

Table 4—Distributions of mass unit failure hazard ratings
in relation to current mass movement indices and Tongass
GIS equivalents

Mass unit Mass
failure hazard movement
rating Class index GIS equivalent

63+ High to extreme MMI4 High to extreme
50-62 Moderate MMI3 Moderate
28-49 Low MMI2 Low
0-27 None MMI1 Low
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Descriptions of
Mass Failure
Rating Classes

Descriptions of the rating classes with their controlling and contributing variables are
provided below.

High to Extreme Map units in this class have a high to extreme risk of failure and fall into the 63+
value range of the high to extreme hazard class (table 4). Natural mass failures
in this class are often frequent and large, and there is a high risk of management-
induced failure. Standard management practices can be expected to have only
limited success, and on-the-ground assessment is necessary to determine the need
for mitigating measures. There is a moderate risk of failure even with the use of
mitigation. Some portions of the units may have a significantly lower risk of failure
due to local benching or higher risk due to cliffs and very steep slope breaks. Soils
with gradients in the 72- to 85-percent range with low levels of dissection, well-
drained soils, and stable parent materials may be operable with adequate
on-the-ground verification and site-specific investigation before any management
activity is undertaken.

Characteristics of this class include:

• Moderately steep slopes (36 to 55 percent) with high levels of dissection and either
unstable parent materials or reduced soil drainage (i.e., somewhat poorly drained
or poorly drained).

• Steep slopes (55 to 72 percent) with moderate to high levels of dissection and
well-drained soils.

• Steep slopes (55 to 72 percent) with high to extreme levels of dissection,
somewhat poorly to poorly drained soils, and unstable parent materials.

• Very steep slopes (>72 percent) with moderate to high levels of dissection and
well to poorly drained soils.

• Very steep slopes (>72 percent) with evidence of prior mass wasting or snow
avalanching.

Moderate Map units in this class have a moderate risk of failure and fall into the 50-to-62 value
range of the moderate hazard class (table 4). In this class, natural mass failures are
usually small and infrequent, but there is a moderate risk of management-induced
failure. Standard and best management practices are usually successful but on-the-
ground investigation is still recommended. Mitigating measures occasionally may be
needed. Characteristics of this class include:

• Gentle slopes (5 to 35 percent) with moderate to high dissection, poor to very
poor drainage, and unstable parent materials.

• Moderately steep (36 to 55 percent) frequently dissected slopes with stable parent
materials and somewhat poorly drained soils.

• Steep slopes (56 to 72 percent) with low levels of dissection, well-drained soils,
and stable parent materials.
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Low Map units in this class have a very low risk of failure and fall into the 28-to-49 value
range of the low hazard class. Natural mass failures in this class usually are rare or
small. There is a low risk of management-induced failure except on unstable micro-
sites, such as scarps, V-notches, and streambanks. Standard best management
practices that control surface disturbance and stream flows can be expected to be
highly successful without special mitigating measures. Characteristics of this class
include:

• Gentle slope gradients (5 to 35 percent), with unstable parent materials or reduced
soil drainage (somewhat poorly or poorly drained).

• Moderately steep slope gradients (36 to 55 percent) with low to moderate
dissection, well-drained soils, and stable parent materials.
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Abstract Iverson, George C.; Hayward, Gregory D.; Titus, Kimberly; DeGayner, Eugene;
Lowell, Richard E.; Crocker-Bedford, D. Coleman; Schempf, Philip F.; Lindell,
John. 1996. Conservation assessment for the northern goshawk in southeast
Alaska. Gen. Tech. Rep. PNW-GTR-387. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research Station. 101 p. (Shaw,
Charles G., III, tech. coord.; Conservation and resource assessments for the
Tongass land management plan revision).

The conservation status of northern goshawks in southeast Alaska is examined
through developing an understanding of goshawk ecology in relation to past, pres-
ent, and potential future habitat conditions in the region under the current Tongass
land management plan. Forest ecosystem dynamics are described, and a history of
forest and goshawk management in the Tongass National Forest is reviewed. Nearly
900,000 acres of the most productive old-growth temperate rain forest in southeast
Alaska (public and private lands) have been harvested during the past 90 years
and changed to early seral conifer forests. Goshawk habitat relations are described
through a review of the goshawk literature. Significant preliminary findings of a hab-
itat relation study in southeast Alaska include the following: goshawks select produc-
tive old-growth forests with > 60 percent of all adult goshawk telemetry relocations
occurring in this cover type; nonforest, clearcut, and alpine cover types were least
used and were avoided relative to their availability; and the median breeding season
minimum convex polygon use areas of adult goshawks was about 10,000 acres.
Goshawks predominantly use gentle slopes (70 percent of relocations) at elevations
below 800 feet (54-74 percent of relocations); 24 percent of relocations occurred in
riparian habitat zones, and nearly 20 percent of all relocations occurred within the
beach fringe habitat extending 1,000 feet inland from the ocean shoreline. Goshawk
nesting habitat is a nonrandom subset of the landscape with a significantly higher
proportion of productive old-growth forest within a 600-acre analysis area surrounding
known nests. The probability of persistence of goshawks has declined over the past
50 years owing to habitat loss and likely will continue to decline under current man-
agement plan regimes; however, the goshawk population likely is not in immediate
peril. The predicted consequences of several alternative habitat management ap-
proaches are compared. This analysis suggests that long rotation forestry (e.g.,
300 years) and uneven-aged silvicultural management may maintain habitat char-
acteristics important to sustaining goshawk populations well distributed across the
region. Although habitat reserves are not considered an essential component of a
forest-wide goshawk conservation strategy, reserves, in combination with extended
rotations, may be important where the intensity of past management actions has
precluded the opportunity to attain a desired combination of forest age classes
achieveable under long rotations. Reserves are most likely critical if extensive
clearcut logging continues.

Keywords: Northern goshawk, Accipiter gentilis laingi, habitat, conservation,
assessment, management.
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Preface This assessment synthesizes the best available science information regarding the
ecology and habitat relations of the northern goshawk (Accipiter gentilis) in south-
east Alaska. By building on these relations, it examines the conservation status of
the goshawk relative to past, present, and anticipated habitat conditions throughout
southeast Alaska. Finally, it provides management considerations for sustaining gos-
hawk populations across the Tongass National Forest. This conservation assess-
ment was chartered under the Tongass [National Forest] land management plan
(TLMP) revision and the interagency memorandum of understanding (MOU) among
the Alaska Region of the Forest Service (FS), the Alaska Region of the U.S. Fish
and Wildlife Service (FWS), and the Alaska Department of Fish and Game (ADF&G)
to conserve species tending toward listing under the Federal or State endangered
species acts.1

Revision efforts for the TLMP resumed in fall 1994 with a focus on five major land
management issues considered to be inadequately addressed in the existing TLMP:
wildlife viability, fish and riparian habitat, caves and karst, alternatives to clearcutting,
and socioeconomic considerations. Goshawk conservation is an important compo-
nent within the wildlife viability issue.

Concern for goshawk population viability in southeast Alaska evolved during the
past decade and culminated with the petition to list the Queen Charlotte goshawk
(A. g. laingi) as an endangered species under the Endangered Species Act. The
FWS concluded in 1995 that listing the goshawk was not warranted at that time
owing to insufficient information, but stated that “...without significant changes in
the existing Tongass National Forest Land and Resource Management Plan, the
longterm viability of the Queen Charlotte goshawk may be seriously imperiled”
(USDI Fish and Wildlife Service 1995). Specific management recommendations
or strategies for managing goshawk habitat were not a component of the charters
for this assessment and are not included in this report. This synthesis of available
information provides planners and the public with a scientific basis for evaluating
the consequences of habitat management choices. It presents ecological relations
as well as management considerations that should be examined in crafting and
evaluating an ecosystem management plan that sustains all resources, including
goshawks. Although this assessment presents some new and preliminary results
of current research, its main use is as a synthesis of current information to assist
conservation planning and not to report the results of original research.

This assessment represents a collaborative product of management and research
biologists. The authors brought experience in managing and investigating goshawks
plus a variety of perspectives from several government agencies. Consensus was
obtained on the science and conclusions commensurate with information data avail-
able through early 1996. Ongoing goshawk inventories and studies in the Tongass
National Forest will continue to provide new knowledge, and this document repre-
sents an incremental step in understanding goshawk ecology. Adaptive manage-
ment can be a useful tool to respond to new information.

1 The primary objective of the MOU was to foster interagency
cooperation for the conservation of candidate and sensitive
species to avoid the need for listing and protection under
the Endangered Species Act. The goshawk, in addition
to the marbled murrelet (Branchyramphus marmoratus)
and Alexander Archipelago wolf (Canis lupus ligoni), were
identified as priority species for conducting a conservation
assessment to achieve MOU objectives.
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The Forest
Ecosystem and Its
Management

The coastal forests of southeast Alaska are part of the temperate rain forest that
extends along the Pacific coast from northern California to Cook Inlet in Alaska
(Alaback 1991). Most of the forest is composed of old-growth conifers dominated
by western hemlock (Tsuga heterophylla (Raf.) Sarg.) and Sitka spruce (Picea
sitchensis (Borg.) Carr). The region is characterized by a cool and wet maritime
climate where precipitation ranges from 60 to 235 inches per year and is distributed
throughout the year without noticeable droughts (Harris and Farr 1974). Climate
strongly influences forest development within southeast Alaska. Fire is generally
absent (Harris and Farr 1974), moisture is not limiting to regeneration, and wind-
throw is common (Harris 1989). Southeast Alaska is characterized by steep rugged
topography and coastal fjords. The Alexander Archipelago consists of over 22,000
islands ranging from less than 0.01 acre to over 1,750,686 acres (Prince of Wales
Island) with over 11,000 miles of shoreline (fig.1). Together these attributes represent
features of large-scale landscape heterogeneity.

Conifer forests of the Tongass National Forest (NF) are characterized by fine-
scale habitat heterogeneity created by mountainous terrain, wetlands, and various
disturbance regimes (see below) that have resulted in a naturally fragmented land-
scape mosaic. Because of the considerable precipitation, landform diversity has a
significant influence on drainage patterns and thus local site vegetation charac-
teristics. Well-drained sites generally have higher forest site productivity, whereas
nonforested peatlands (muskegs) generally occur on benches, terraces, or gentle
terrain where poorly drained, deep organic soils predominate. Forests of intermediate
productivity form transitional ecotones between the well-drained productive forests
and poorly drained nonforest areas. Local landform diversity and drainage patterns
also contribute to an irregular pattern of fine-scale habitat heterogeneity. For example,
imbedded within a highly productive forest, benches of poorly drained soil may occur
in small patches (e.g., each less than an acre). Conversely, in an otherwise poorly
drained extensive peatland, a narrow riparian corridor of well-drained soils may
support a highly productive stand of large trees.

The Tongass NF contains about 16.9 million acres, representing over 85 percent
of southeast Alaska. Of the total Tongass acres, 59 percent are classified as for-
ested land with at least 10 percent tree cover, and 41 percent are nonforested
land, including rock and ice, alpine areas, and peatland.

Natural Disturbance
Regimes

The natural disturbance regimes of the temperate rain forests of southeast Alaska
are poorly understood. A comprehensive review of disturbance in temperate rain
forests is provided in Alaback (1996), Nowacki and Kramer (in prep.), and Veblen
and Alaback (1996). Wind is the primary disturbance agent (Harris and Farr 1974),
but other disturbances such as landslides, debris flows, soil slumping, insects, fungi,
and snow breakage also influence forest structure; all contribute to a fine-scale hab-
itat heterogeneity. The forest environment is dynamic and characterized by frequent
small-scale disturbances (Brady and Hanley 1984). These foster “gap phase” regen-
eration (Watt 1947), where individual or small groups of trees die or are blown down
by wind, thereby creating canopy gaps (Alaback and Tappeiner 1991). Frequent
small-scale disturbances may be punctuated by large wind storms causing extensive
damage (Harris 1989).

1
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Figure 1—Southeast Alaska vicinity map.
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Relatively frequent, low-magnitude natural disturbances, such as the death of single
trees or small groups of trees, create small gaps in the overstory canopy. Light pene-
trating through these canopy gaps and reaching the forest floor stimulates micro-
cyclic succession within the gap. Canopy gap openings range from 0.1 to 0.2 acre
and represent an average of 9 percent of the forested land area (Ott 1995). Over
time and in the absence of major stand replacement disturbances (e.g., 300-500
years; Deal et al. 1991), gap dynamic processes occur across the stand, but at any
one point in time the stand is characterized by multiple canopy openings in various
stages of succession. Thus, within a stand, trees of all ages occur in this shifting
steady state mosaic (Bormann and Likens 1979), with the death of old trees balanced
by the growth of new trees. Most dominant trees typically exceed 300 years of age
(Farr et al. 1976), and in some stands, dominant trees may range from 450 to nearly
800 years of age (Farr et al. 1976, Alaback and Juday 1989).

The rain forest is also subject to less frequent but higher intensity wind disturbance
events that may result in nearly complete stand replacement (Alaback 1982, Deal
et al. 1991). These events generally are associated with fall or winter storms (Harris
1989). A range of windthrow severity occurs and depends on many factors, including
soil type, elevation, wind direction and strength, forest type, and local topography
(Harris 1989). Catastrophic windthrow (with an intensity that spares little residual
structure) can affect large areas up to hundreds of acres, and intermediate events
(with significant residual trees withstanding the event) can cover tens of acres (Harris
1989; Nowacki and Kramer, in prep.). The long-term rate of catastrophic disturbance
affecting the productive old-growth forest has been estimated at an average of 0.3
percent per decade (Nowacki and Kramer, in prep.). Nowacki and Kramer (in prep.)
also report on a preponderance of multicohort stands that may exist in landscape
positions that are highly susceptible to repeated catastrophic events with apparent
return intervals that are shorter than the time necessary for complete development
of the full complement of old-growth characteristics. These events and the resulting
regeneration generally result in a single-cohort or multicohort generation stand (Oliver
1981, Deal et al. 1991). A combination of both major and minor disturbances can
contribute to stand development (Deal et al. 1991).

Forest Stand
Development

Oliver (1981) outlines a conceptual model of forest stand development following
stand-replacing disturbance that is generally applicable to the temperate rain forest
of southeast Alaska. Stand development occurs in four general stages: stand initi-
ation, stem exclusion, understory reinitiation, and old growth. Each stage is briefly
reviewed below as a component of secondary forest succession resulting from major
disturbance events (e.g., large-scale windthrow). The stages also may be generally
applicable to small-scale disturbances (canopy gap dynamics), although the fine
scale structure may result in a multigeneration stand (Deal et al. 1991). Figure 2
illustrates a conceptual chronosequece of secondary forest succession in forests
of southeast Alaska.

Stand initiation— Immediately after a disturbance, secondary forest succession
begins as new individuals and species grow from sprouts, seeds, or advanced
regeneration and continue to appear for several years. In southeast Alaska, the wet
and moderate climate permits hemlock surviving from the previous stand to rapidly
regenerate (Harris 1974) within 2 to 3 years after a disturbance. Shrub and herb
biomass production increases for up to 10 to 15 years after disturbance. Gradual
overstory dominance by hemlock and spruce results in canopy closure after 25 to
35 years, nearly eliminating all tree seedlings, shrubs, and herbs (Alaback 1982).
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Stem exclusion— During this phase new individuals or new species do not appear.
Competition for growing space results in the death of many existing individuals with
surviving individuals growing larger and expressing dominance. Overstory canopy clo-
sure occurs with little light penetration to the forest floor (< 1 percent open sunlight;
Alaback and Tappeiner 1991), which results in an understory poor in vegetative abun-
dance or diversity. In southeast Alaska, hemlock and spruce dominate the closed
canopy overstory, and the understory is dominated by a carpet of ferns with little
other vegetation—a stage that may persist for over 100 years (Alaback 1982).

Understory reinitiation— During this phase of stand development, shade-tolerant
shrubs, such as Vaccinium spp., capable of surviving under low light intensity develop
first. Eventually evergreen herbs or short shrubs, such as Cornus spp., Rubus spp.,
and Tiarella spp., begin to appear. Advance regeneration reappears in the understory
but grows very little. In southeast Alaska, this phase generally begins by stand age
140 to 160 years (Alaback 1982). The mature, even-aged forest stage represents

Figure 2—Forest developmental stages in the temperate rain forest of southeast Alaska.
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the peak in gross timber volume, after which biomass accumulation begins to decline
(Alaback 1982). Tree growth rates begin to decline as mortality increases (Taylor
1934), resulting in the opening and vertical stratification of the overstory canopy
(Alaback 1984). Many structural features of old growth, such as large standing
and down snags and an all-aged stand with a multilayered canopy, have not yet
developed.

Old growth—In the absence of catastrophic disturbance, overstory trees die in an
irregular pattern from a variety of agents, including insects, drought, pathogens, or
wind. Some understory trees begin growing into the overstory. Death of overstory
trees from internal factors or autogenic effects, without the influence of external
disturbances, is a characteristic condition of old-growth forests (Oliver 1981). The
old-growth stage of stand development has a number of characteristic structural
features (Alaback and Juday 1989, USDA Forest Service 1992a): large and old
standing trees, a diversity of tree size classes, large downed logs, a multilayered
canopy with irregular canopy gaps, and a diverse understory.

The minimum stand age necessary to attain the large tree component of the old-
growth stand ranges from 150 to 260 years for the major forest types in southeast
Alaska (USDA Forest Service 1992a). Dominant trees in the old-growth stands of
southeast Alaska generally exceed 300 years. Old growth has the greatest horizontal
and vertical variation in structure with both large and small trees growing in separate
and intermixed patches (Alaback 1982). This structure takes at least two cohorts of
dominant trees or 300 to 500 years to fully develop (Alaback 1990). Ages when spe-
cific stages of stand development begin are approximations and may differ owing to
differences in local site characteristics. Factors such as aspect, elevation, soil type,
drainage, and past disturbances (Alaback 1982) can affect overstory and understory
development patterns within these broad successional stand development stages.
Studies to date have emphasized highly productive, well-drained sites. Studies of
poorly drained sites or high-elevation sites in similar forest types in other regions
suggest that stand development and regeneration may take double the time as
compared to productive sites (Alaback 1996). Riparian sites in particular appear
to take the longest times (up to 600 years) to recover both structural diversity and
species diversity (Alaback 1996).

Forest Inventory An ecologically based inventory describing the structure and composition of forest
resources within the Tongass NF does not exist. The existing Tongass NF vegetation
inventory (Julin and Caouette, in prep.) is characterized primarily by timber production
capability; productive versus nonproductive forests. (These terms are further defined
in table 7 relative to goshawk habitat use analyses). Productive forest sites are by
definition capable of growing 20 cubic feet per acre of usable timber volume per year
and include both old growth and younger seral stages. Productive old-growth forest
represents nearly 30 percent of the total 16.9 million acres on the Tongass NF. Un-
productive forests comprise about 21 percent of the Tongass NF. Of the 5.05 million
acres of productive old-growth forest remaining in the Tongass NF, about 54 percent
is western hemlock; 38 percent is hemlock (including mountain hemlock, Tsuga
mertensiana (Bong.) Carr.)-Sitka spruce; 4 percent is Sitka spruce; and less than
2 percent is western redcedar (Thuja plicata Donn ex D. Don) and Alaska-cedar
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(Chamaecyparis nootkatensis (D.Don) Spach) (USDA Forest Service 1996a). Pro-
ductive forests are primarily associated with the western hemlock, western hemlock-
Alaska-cedar, Sitka spruce, western hemlock-redcedar and mountain hemlock plant
association series (Martin et al. 1995). Unproductive forests are primarily associated
with the mixed conifer, mountain hemlock and lodgepole pine (Pinus contorta Dougl.
ex Loud.) plant association series (Martin et al. 1995).

Productive forests can be stratified into four volume strata (Forest-wide scale) based
on average net timber volume content expressed in thousand board feet per acre
(Mbf/acre) (Julin and Caouette, in prep.). These four strata also are broadly indic-
ative of ecological site productivity: (1) low volume = 15.7 Mbf [+/- 1.9 Mbf, 95%
confidence interval (CI)]; (2) medium volume = 25.1 Mbf (+/-1.9, 95% CI); (3) high
volume = 31.4 Mbf (+/-2.5, 95% CI); and (4) very high volume = 39.0 Mbf (+/- 3.2,
95% CI). The Forest-wide average across all four classes is 27.3 Mbf (+/- 1.4 95%
CI). These four strata are identified in the Tongass NF Geographical Information
System (GIS) database and were used for the northern goshawk (Accipiter gentilis)
habitat use analysis (see “Analysis of Northern Goshawk Ecology in Southeast
Alaska,” below). The minimum mapping resolution of generally homogeneous forest
stand polygons was 1 to 10 acres; however, the average polygon size Forest-wide
ranged from 60 to 115 acres (Julin and Caouette, in prep.).

Forest stands in the GIS forest inventory also are classified into one of four classes
of approximate stand age based on timber size class. The characterization of stand
size is independent of stand origin and may include both silvicultural stand manage-
ment (primarily clearcut even-aged timber harvest) and natural disturbance events,
especially large-scale windthrow. The timber size classes are not entirely coincident
with the four stages of secondary forest succession discussed above. (1) Seedling-
sapling is less than 5 inches in diameter at breast height (DBH), closely approximates
the stand initiation stage of forest development (fig. 2), and includes early clearcuts.
There are presently 208,000 acres of this stand age in the Tongass NF. (2) Pole-
timber contains trees from 5 to 9 inches DBH. Poletimber stands range from about
30 to 80 years of age and represent the stem exclusion stage of forest development
(fig. 2). There are an estimated 196,000 acres of this stand age in the Tongass NF.
(3) Young-growth sawtimber is over 9 inches DBH but less than 150 years of age.
Most stands in this age class are in the stem exclusion stage, although some features
of understory reinitiation may begin to occur in the latter stages of this age class from
about 100 to 150 years, depending on site productivity. An estimated 149,000 acres
of this forest structure currently occur in the Tongass NF. (4) Old-growth sawtimber
is classified as being over 150 years old. Because the full complement of features
associated with old-growth forests do not occur until about 250 years, the old-growth
sawtimber timber age class may by definition include stands in the understory
reinitiation stage of forest development ranging in age from 150 to 250 years that
resulted from large-scale windthrow events. Broad-scale habitat use analysis (see
“Analysis of Northern Goshawk Ecology in Southeast Alaska”, below) predicated on
ecological features of forest stand structure is, therefore, limited by a nonecological
resource inventory classification scheme and a coarse mapping resolution unable
to depict the fine-scale heterogeneity characteristic of the temperate rain forest.
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History of Forest
Management in
Southeast Alaska

Because goshawks generally are associated with forested habitats, an understanding
of the timber harvest history across southeast Alaska is important for assessing the
effects of habitat alteration on the conservation status of goshawks. Before Russian
occupation and continuing into recent times, Alaska natives have harvested trees for
constructing canoes, framing and planking homes, carving totem poles, and other
personal subsistence applications. Beginning with Russian occupation in the 1790s,
trees were cut to produce charcoal and construct forts, homes, and ships. By 1853,
three sawmills were operating in Sitka. Early Russian logging was primarily selection
harvest with some clearcuts for fuelwood and charcoal, primarily along beaches and
rivers.

Russian holdings were sold to the United States in 1867, and by 1900 there were
14 wood processing mills in operation with an annual tree harvest of about 8 million
board feet (MMbf). Most harvest was used for sawtimber and pilings. Interest in
developing a pulp industry evolved in the 1920s. Efforts to establish a pulp industry
were successful, with the preliminary award by the U.S. Department of Agriculture,
Forest Service, in 1948 of a 50-year sale of 1.5 billion cubic feet of timber to the
Ketchikan Pulp Company (KPC). The Ketchikan pulpmill was completed in 1954,
and this signaled the beginning of large-scale timber harvest operations in southeast
Alaska. The Forest Service soon entered into three additional long-term contracts.
Only the KPC long-term contract remains in effect as of this writing.

Average annual harvest from 1909 through 1990 was 197 MMbf. Since industrial
scale timber harvest began in 1955, however, the total annual harvests have been
substantially higher, averaging 394 MMbf/year (range 167 to 588 MMbf). The average
volume per acre of timber harvested between 1955 and 1990 was about 41,500 Mbf
(USDA Forest Service 1991). Forests capable of producing this high net volume of
timber are considered the most highly productive sites in the Tongass NF.

About 5.6 million acres of productive forest occur within the current boundaries of the
Tongass NF (USDA Forest Service 1996a). About 405,000 acres of productive old-
growth forest were harvested between 1954 and 1995 (USDA Forest Service 1996a).
A total of 1,895 MMbf saw-log volume was reported harvested from 1909 to 1954
(USDA Forest Service 1991). Assuming the average volume per acre was not lower
than the mean of 41,500 board feet/acre harvested from 1954 to 1990, an estimated
total of 45,000 acres was harvested from 1909 to 1954. Thus an estimated total of
450,000 acres of productive old-growth forest has been harvested in the Tongass NF
since 1909, generally on sites with the highest timber production capability and largest
trees (high and very high timber volume strata). This level of timber harvest activity
represents a significant transition of old-growth and mature forests, with structurally
diverse and complex stands, to early (0-35 years) seral stages of forest succession
on nearly half a million acres of productive forest lands.

Timber harvest has not been evenly distributed across the Tongass NF. There are
21 biogeographic provinces within the Tongass NF (USDA Forest Service 1996a),
and several have had little or no harvest (e.g., Admiralty Island and the mainland
provinces). Other provinces have had substantial timber harvest activity (e.g., north-
east Chichagof and Prince of Wales Islands). The risk assessment section (see “Man-
agement Considerations,” below) provides additional information on the magnitude
and distribution of timber harvest in the Tongass NF.
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Nearly 750,000 acres of lands previously contained within the Tongass NF have
been conveyed to the State of Alaska or to Native Corporations (USDA Forest
Service 1996a). About 60 percent of these lands were harvested by 1995 (Knapp
1992, USDA Forest Service 1996b). Thus, an estimated 900,000 acres of produc-
tive old-growth forests (15 percent of the total), and generally on the most produc-
tive sites, in southeast Alaska have been converted to early seral forests.

Clearcut, even-aged management with opening sizes from 20 to 60 acres or more
has been the predominant silvicultural technique used to harvest timber in southeast
Alaska, with only incidental use of uneven-aged management techniques (USDA
Forest Service 1996a). Forests where tree harvesting has occurred are being man-
aged with a rotation age (harvest age of a regenerated stand) of generally 100 years
or less. Thus, stands managed for timber production emphasis will cycle through only
the stand reinitiation and stem exclusion stages of stand development (fig. 2). The
old-growth stage will not reoccur on these lands.

The intensity of forest management for timber production emphasis differs significantly
from the natural disturbance regimes. The absence of uneven-aged silvicultural man-
agement techniques has precluded most opportunities to emulate the small-scale dis-
turbance processes to regenerate or retain remnants of old-growth structure coinci-
dent with timber harvest. Even though even-aged clearcut harvest may generally
emulate a catastrophic windthrow event, the rate of early seral forest stage creation
(clearcutting) over the past 40 years has increased by about 5 to 10 times over esti-
mated rates of natural disturbance (Nowacki and Kramer, in prep.). Specific conse-
quences of this departure from the scale and frequency of natural disturbance events
to the composition, structure, function, and distribution of the old-growth forest and
associated biota are unknown in southeast Alaska.

History of
Northern Goshawk
Management in the
Tongass National
Forest

Interest in the conservation status of the goshawk in the Alaska Region began in
1986 when the northern goshawk was recommended as a management indicator
species for the revision of the Tongass Land Management Plan (TLMP). A review
of habitat relations suggested a close association with spruce-hemlock forests and
interior spruce forests, and old-growth forests were rated as the most important forest
successional stage for both nesting and foraging (Sidle and Suring 1986). The gos-
hawk was not selected as a management indicator species for the TLMP revision
owing to a lack of specific information and great monitoring difficulty. The review
also suggested that the goshawk should be considered a Forest Service “sensitive
species” in the Alaska Region.

In 1990, the Alaska Department of Fish and Game (ADF&G) recommended that at
least one old-growth-associated forest raptor with a large home range be added to
the Alaska Region sensitive species list and be considered in the TLMP revision
process. The northern goshawk was specifically identified along with other forest
birds of prey. The ADF&G also recommended initiation of a study on the effects
of forest fragmentation on birds of prey. The Ketchikan Area of the Tongass NF
supported this recommendation and began a cooperative study with ADF&G in
1991. The study adopted a Tongass-wide perspective in 1992 as a result of the
difficulty in locating nesting goshawks in the Ketchikan Area, the identification of
nests elsewhere in the Tongass, and the emerging regional and national interest
in the issue.
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In November 1991, the northern goshawk was designated a category 2 candidate
species to be reviewed for possible addition to the Federal list of endangered and
threatened species throughout its range. By inclusion as a subspecies, the Queen
Charlotte goshawk (A. g. laingi) also was designated as a category 2 candidate spe-
cies. Category 2 candidates were species and subspecies for which the U.S. Fish
and Wildlife Service (FWS) had information indicating that listing may be appropriate,
but conclusive data on biological vulnerability and threat were not then available to
support such actions. The FWS no longer maintains a list of category 2 candidate
species (USDI Fish and Wildlife Service 1996).

The Alaska Natural Heritage Program also has recognized the potential sensitivity of
the goshawk population in southeast Alaska and ranks the Queen Charlotte goshawk
as a “T1/T2" species (West 1993). This ranking indicates that this subspecies is either
imperiled globally or critically imperiled globally.

Interim goshawk habitat management guidelines for the Tongass NF were issued by
the Regional Forester in August 1992 (USDA Forest Service 1992b), in recognition
of the national category 2 designation and of the potential for adverse effects from
Forest Service land management actions on key elements of goshawk habitat.
Because specific habitat use information from southeast Alaska was not available,
these guidelines relied on concepts developed for goshawk habitat management in
National Forests in the Southwest United States (Reynolds et al. 1992). Tongass NF
habitat guides established a 600-acre postfledgling area (PFA) around known nests
and limited early seral forest stands to no more than 5 percent of the PFA. Manage-
ment guidelines for a 6,000-acre potential foraging area surrounding the nest were
suggested to minimally maintain components of forested habitats. An interagency
goshawk meeting reviewed these guides and suggested that all nesting habitat was
essential and that no timber harvest should be permitted within the PFA. The original
1992 guidelines allowing 5 percent harvest of the PFA were reissued by the Regional
Forester in 1993 without modification (USDA Forest Service 1993).

Forest Service interim management guidelines were repeatedly identified as inade-
quate to sustain goshawk habitat by the FWS in project-specific environmental re-
views such as those for timber sales. The FWS suggested that to sustain a viable
goshawk population in southeast Alaska, a landscape management approach should
be adopted by the Forest Service in lieu of nest-by-nest management.1

The Alaska Region of the Forest Service formally designated the Queen Charlotte
goshawk as a sensitive species in January 1994, as a result of a viability concern
over the declining trend in goshawk habitat within portions of the Tongass NF. Sensi-
tive species designation by the Regional Forester triggered the requirement that all
projects conduct biological evaluations to assess potential impacts of proposed man-
agement activities. The Queen Charlotte goshawk also was designated a species of
special concern by the ADF&G in 1994.

1 Fish and Wildlife Service correspondence. On file with:
Ecological Services, 3000 Vintage Blvd., Suite 201, Juneau,
AK 99801.
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On May 9, 1994, the FWS received a petition from the Southwest Center for Bio-
logical Diversity and nine additional organizations and individuals to list the Queen
Charlotte goshawk as endangered pursuant to the Endangered Species Act (ESA).
The primary reason was concern over the loss of habitat owing to timber harvest in
southeast Alaska. The FWS concluded in their 90-day finding that the petitioners had
presented substantial information indicating that listing may be warranted. The FWS
initiated a more comprehensive review of goshawk conservation status for a required
12-month finding for the petitioned action. During the public comment period ending
February 28, 1995, both the Forest Service and ADF&G submitted comments to the
FWS recommending that the goshawk did not warrant listing. On May 29, 1995, the
FWS concluded that listing was not warranted at that time because of insufficient
information. However, the FWS also stated that “...without significant changes in the
existing Tongass National Forest Land and Resource Management Plan, the long-
term viability of the Queen Charlotte goshawk may be seriously imperiled” (USDI
Fish and Wildlife Service 1995).

The Forest Service sponsored an interagency workshop in June 1994 to consider
the conservation status of the goshawk in southeast Alaska and to develop habitat
management recommendations for Tongass NF lands. The recent listing petition
and the expiration of the 1993 interim guidelines were principal factors in convening
the workshop. Workshop participants concluded that the status of the goshawk was
unknown, but that the population probably was declining as a result of habitat loss
of old-growth forests from timber harvest. They also concluded that the goshawk was
not likely significantly threatened at that time because of the abundance of available
habitat, the likelihood of locating additional nests, and the conservation benefits of
following habitat management recommendations provided by workshop participants.
Two principal recommendations were developed at the workshop. First, the Forest
Service should develop a long-term goshawk conservation strategy as an interagency
effort. Second, in the absence of a comprehensive assessment and strategy, the
FS should adopt a conservative management approach and preserve management
options around identified goshawk nests. Interim habitat management recommend-
ations included no commercial timber harvest within the home range of goshawks
(as determined by radio telemetry) or, lacking telemetry data, within an empirically
derived radius around current and historical goshawk nests: 2 miles in the northern
half of the Tongass, and 8.4 miles in the southern half. These recommendations
(USDA Forest Service 1994a) were considered an interim approach until a full
assessment and strategy was developed.

The Forest Service immediately incorporated components of the recommendations
from the interagency goshawk workshop into the 1994-95 timber sale schedule devel-
oped in June 1994. As an interim approach to retain management options, all planned
timber harvest activity within the recommended home ranges around historical nests
(1986 to 1993), and within a 600-acre zone around newly discovered nests (1994),
was deferred. Timber harvest was also deferred in large and medium habitat conser-
vation areas identified pursuant to a landscape conservation strategy to maintain
habitat to support well-distributed viable populations of old-growth-associated wildlife
species (Suring et al. 1993). Protection of habitat reserves and known goshawk nest
sites represented primary components of the preferred alternative of a draft environ-
mental assessment issued in September 1994 that proposed interim direction as a
TLMP amendment (USDA Forest Service 1994b). A final environmental assessment
has not been issued and there are no specific goshawk habitat management guide-
lines.
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A followup workshop of the same participants was convened in October 1994 to
reconsider the June recommendations in light of additional inventory, nest site, and
study information. Similar but refined recommendations were made (USDA Forest
Service 1994c). Where telemetry data were available, the combined male and female
breeding season home range was to be protected. Instead of the 2.0- and 8.4-mile-
radius home ranges, a Forest-wide, 2.9-mile-radius home range was recommended
for all historical and current nest sites in the absence of telemetry data. These rec-
ommendations also were considered interim until a complete assessment could be
completed.

Participants at this workshop reiterated their recommendation that development of a
thorough assessment of goshawk conservation status was essential to better define
the habitat components important to sustaining goshawks on the Tongass. Findings
from that assessment would represent important considerations for the TLMP revi-
sion to manage habitat to sustain viable goshawk populations. This assessment
represents the product of that workshop recommendation.

Management Update
Since Assessment
Initiation

This interagency assessment was initiated in January 1995. At that same time the
Forest Service was deliberating on components of a final Environmental Assessment
to specifically address goshawk habitat conservation. As described above, the FWS
issued a finding on May 29, 1995, that listing the goshawk as endangered was not
warranted at that time. Shortly thereafter, Congress passed legislation in the Fiscal
Year 1995 Rescissions Bill (Section 502, Public Law 104-19) that prevented the
Forest Service from implementing habitat conservation areas on the Tongass NF and
limited goshawk nest protection to 300 acres in fiscal year 1995. This law effectively
precluded, for at least the remainder of the Federal fiscal year, implementation of
interim habitat conservation areas or goshawk nest protection measures under con-
sideration as a TLMP amendment. Language from Public Law 104-19 expired as
of September 30, 1995. A proposal to make Section 502 provisions permanent was
under Congressional consideration in the Fiscal Year 1996 Appropriations Bill but
was not enacted. By mid-1995, progress on the TLMP revision and this assess-
ment indicated that an interim amendment was unnecessary and that goshawk
conservation could be fully addressed in the TLMP revision.

In September 1995, authors of the petition to list the Queen Charlotte goshawk as
endangered filed suit in court to challenge the FWS finding that listing the goshawk
was not warranted. In September 1996 the court decided in favor of the plaintiffs and
remanded the not warranted listing decision back to the FWS for reconsideration.

Review of
Northern Goshawk
Ecology in North
America
Introduction

There is substantial literature describing the biology and ecology of goshawks in
Europe and North America. The scientific information regarding goshawk population
status, trends, and life history accumulated before 1987 was reviewed by Reynolds
(1989), who focused on goshawk nesting habitat use, diet, nesting success, and
estimates of density. Likely threats to populations of goshawks in western North
America were identified. In 1992, as a part of the management strategy developed
by the Northern Goshawk Scientific Committee, the Forest Service published a more
thorough treatment of the relation of goshawks to habitats and prey in forests of
the Southwest (Reynolds et al. 1992). This management strategy emphasized the
dynamics of Southwestern forests and the link between forest structure and the
abundance of primary goshawk prey. The report also stressed the similarities and
differences in forest areas used by breeding goshawks and divided the home range
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into a nesting area, postfledging family area (Kennedy et al. 1994), and a foraging
area. The management strategy was critically reviewed by Braun et al. (1996) who
concluded that the scientific basis for the management recommendations and the
recommendations themselves were sound and represented the basis for adaptive
management that strives for a naturally functioning ecosystem.

In 1993, the Tongass NF released a report of an interagency committee on man-
agement of wildlife associated with old-growth forests in southeast Alaska (Suring et
al. 1993). This report included a chapter on goshawks, which reviewed knowledge of
goshawk ecology in the context of forest management of the Tongass NF and made
management recommendations for goshawk conservation (Crocker-Bedford 1993).
Following a peer review of the report (Kiester and Eckhardt 1994), the goshawk
chapter was updated (Crocker-Bedford 1994). Also in 1993, the Cooper Ornitho-
logical Society sponsored a national symposium on the ecology and management
of northern goshawks (Block et al. 1994).

Goshawk ecology and biology is currently being synthesized in a comprehensive
review and assessment of goshawk ecology in North America (Reynolds et al., in
prep.). This document will describe diverse aspects of goshawk life history, ecology,
and biology in different forest types and geographic settings. It also will critically
evaluate the conservation status of goshawks in North America.

Considering the scope of the North American goshawk assessment (Reynolds et al.,
in prep.) and the number of previous reviews of goshawk ecology, we only highlight
those aspects of earlier reviews and recent scientific publications most applicable
and relevant to management of goshawks in southeast Alaska. For other reviews of
the scientific literature on goshawk ecology and management, see Arizona Game
and Fish (1993), Reynolds (1989), Reynolds et al. (1992), Reynolds et al. (in prep.),
and Crocker-Bedford (1994).

Review of Technical
Knowledge

Distribution— The northern goshawk inhabits boreal and montane forest through-
out much of the Northern Hemisphere in boreal, temperate, and highland subtropical
areas (Beebe 1974). In North America, goshawks are broadly distributed from Mexico
northward through most of the conterminous United States, Canada, and Alaska
(Brown and Amadon 1968, Palmer 1988, Johnsgard 1990). Southeast Alaska likely
represents the periphery of North American populations. As noted by Lawton et al.
(1994), many aspects of species demography, and persistence probabilities, differ at
the center versus the edge of a geographic range. In general, species exhibit higher
density and occupy a greater proportion of suitable habitat near the center of their
geographic range.

Systematics— In North America, most authorities recognize three subspecies of
goshawks (Johnsgard 1990). Accipiter gentilis apache, a group of North American
goshawks with the largest body size and more robust feet, occurs in a long, narrow,
geographic range extending from southern Arizona south to Jalisco in the mountains
of Mexico. The Queen Charlotte goshawk (A. g. laingi) is the smallest bodied form
(Johnson 1989) that breeds on Queen Charlotte and Vancouver Islands (Taverner
1940) and may extend north to Baranof Island in southeast Alaska (Webster 1988)
or Prince William Sound in south-central Alaska (Jones 1981). The northern gos-
hawk, A. g. atricapillus, is intermediate in size and inhabits most of the North Amer-
ican range of the species. The American Ornithologist’s Union (1957) recognizes
A. g. laingi and A. g atricapillus.
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Until recently, public, scientific, and management attention focused principally on
A. g. atricapillus, largely to the exclusion of A. g. laingi and A. g. apache. Many
inferences concerning goshawk ecology and potential response to management
in southeast Alaska therefore must come from knowledge of the species elsewhere
and be modified by the data originating from the local population.

As noted above, most authors suggest that a portion, if not all, of the goshawks in
southeast Alaska belong to the Queen Charlotte subspecies A. g. laingi. Webster
(1988) examined seven specimens from southeast Alaska, from as far north as the
Taku River near Juneau, of which five were dark forms suggesting affinity to A. g.
laingi. Whaley and White (1994) thoroughly examined 10 morphological variables in
museum specimens to determine the amount and pattern of measurable geographic
variation in goshawks across their range in North America. The study focused on
evaluating clinal patterns in morphology and relating these to potential selective
pressures; they did not emphasize distinguishing subspecies. Their analysis demon-
strated the small size of A. g. laingi relative to goshawks collected from the nearby
mainland and elsewhere on the continent. The subspecies A. g. laingi does not seem
to be as small as suggested by Beebe (1974), but goshawks in this geographic region
tend to be smaller than individuals from populations elsewhere in North America. A
recent preliminary study was unable to detect significant genetic variation among
samples representing the three described subspecies obtained from across North
America (Gavin and May 1995). This preliminary genetic study did not address
goshawk taxonomy, however. Because both A. g. laingi and A. g atricapillus may
occur within the southeast Alaska region considered in this assessment, we refer
to the goshawk population of southeast Alaska as the northern goshawk, or just
goshawk.

Abundance— Only a few North American studies have produced reliable estimates
of goshawk relative abundance. The majority of estimates are based on searches
for active nests and often are based on the assumption that all nesting pairs were
located. Pair densities across the goshawk’s range varied from 28.5/100 square miles
in Arizona (Crocker-Bedford and Chaney 1988), 7.4/100 square miles in Colorado
(Shuster 1976), an average of 17 to 18/100 square miles in Oregon over 2 years
(DeStefano et al. 1994a), 9.3/100 square miles in Oregon (Reynolds and Wight
1978), 7.3/100 square miles in New Mexico (Kennedy 1989), 1.1 to 3.2/100 square
miles over multiple years in California (Bloom et al. 1986), to 0.3 to 2.4/100 square
miles over multiple years in central Alaska (McGowan 1975). In northern Arizona,
Reynolds et al. (1994) measured 59 nearest-neighbor distances, which averaged
1.9 miles. In northern California, nearest-neighbor distances averaged 2.0 miles
(Detrich and Woodbridge 1994).

During a peak prey year, 40 goshawk pairs occupied 154 square miles in the south-
east Yukon Territory, based on goshawk sightings during the breeding season, which
likely included nonbreeders (Doyle and Smith 1994). Doyle and Smith (1994) also
examined variations in goshawk abundance across years. An index of breeding
goshawk abundance changed by more than a factor of four over a 2-year period
in response to cyclical changes in hare (Lepus americanus) populations.
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Breeding biology— Several factors can influence whether goshawks attempt to repro-
duce in any given year, including the availability of sufficient prey, adult mortality, the
availability of suitable mates, and the availability of suitable and unoccupied nesting
habitat. The male captures nearly all prey during preincubation, egg laying, and incu-
bation periods (Beebe 1974), and unless prey is sufficiently abundant to permit the
female to cease hunting altogether during the early nesting and incubation periods,
nesting does not occur (Beebe 1974, McGowan 1975, Doyle and Smith 1994). Prey
availability also can influence nesting success and productivity (Reynolds and Meslow
1984, Widen 1989, Doyle and Smith 1994). Adult mortality and the availability of
suitable mates can influence the ability of birds to locate or replace a mate.

Where migratory, many goshawks return to nesting territories by mid-March (Beebe
1974). In Oregon, goshawks appeared at their nests in late March and early April
(Reynolds and Wight 1978), and in interior Alaska, birds were observed near nest
sites as early as March (McGowan 1975). Courtship flight displays involve both
sexes and occur before and during nest repair or construction. Goshawks usually are
silent but become vocal during the reproductive period. The dawn call is a series of
woodpeckerlike clucks, closely and evenly spaced. During flight displays, the birds
scream a loud, clear gull-like “kree-ah, kree-ah” call in an evenly spaced, continuous
sequence (Beebe 1974).

Goshawks build large nests averaging about 3 feet across and up to 3 feet deep.
Nests consist of sticks and bark (Beebe 1974) and usually are situated well below
the canopy of the nest tree, within the lower quarter of the canopy of the nest site
(Hall 1984). Goshawks may use the same nest for multiple years, build a new nest
in the same or different stand, or repair an old nest. Both sexes participate in nest
construction and repair. Alternate nests may be loosely clustered within a single stand
or widely separated in different stands (Beebe 1974, McGowan 1975, Woodbridge
and Detrich 1994). In interior Alaska, nest construction or repair occurred from mid
to late April (McGowan 1975). Alterations in forest structure caused by disturbances
such as timber harvest (Reynolds 1989, Crocker-Bedford 1990), stand size and level
of fragmentation (Woodbridge 1988, Woodbridge and Detrich 1994), annual fluctu-
ations in the abundance of prey (McGowan 1975, Doyle and Smith 1994), and adult
mortality can influence whether goshawks reoccupy a particular nest site or stand.

Goshawks begin egg laying in early to mid April, and three to five eggs are laid at 48-
to 72-hour intervals (Beebe 1974). In northern Nevada, egg laying was completed by
May 1 (Younk and Bechard 1994). Incubation is initiated with the laying of the first
egg and lasts 29 to 32 days (Beebe 1974, McGowan 1975, Reynolds and Wight
1978). Eggs hatch by mid to late May (Beebe 1974). In interior Alaska, the range
of hatching dates was May 13 to June 25 (McGowan 1975).

Estimates of the length of the nestling period differ geographically but range from
35 to 42 days, with males fledging first (McGowan 1975, Reynolds and Wight 1978,
Newton 1979, Johnsgard 1990, Kenward et al. 1993, Boal and Mannan 1994). Vari-
ation in fledging ages may be related to nestling condition, geographic location, or
different definitions of branching and fledging (Boal and Mannan 1994). Fledging is
preceded by a branching period when juveniles leave the nest platform but remain
in the nest tree, walking or hopping onto branches near the nest (Newton 1986, Boal
and Mannan 1994).
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The postfledging period spans the approximate 4-week time between nest desertion
and full independence. During this period, juveniles are fed and protected by the
adults while they complete their growth and develop the skills necessary for independ-
ent existence (Newton 1986). Juvenile dispersal is enabled by completion of feather
growth, is accelerated by food shortage, but probably results from behavioral matu-
ration when food is abundant (Johnsgard 1990, Kenward et al. 1993).

Juveniles were considered to have dispersed when they ventured farther than 0.9
mile from the nest without returning (Kenward et al. 1993). Juvenile dispersal from
nest sites occurs from 65 to 90 days after hatching. Juvenile females disperse
significantly later than juvenile males. Males may disperse even earlier when food
supply is poor, and dispersal may be associated with the beginning of active hunting
(Kenward et al. 1993).

Seasonal movements— Goshawks in many populations remain in the same area
throughout the year; however, recent studies suggest geographic variability in sea-
sonal movement patterns. During two winters, four adult goshawks that nested in
Wyoming moved up to 114 miles from their breeding areas to winter in a variety of
habitats in Colorado (Squires and Ruggiero 1995). In the Yukon, goshawks remained
within the 154-square-mile study area some winters but became nomadic during a
prey decline (Doyle and Smith 1994). In Arizona, Reynolds et al. (1994) described
goshawks as sedentary year round.

Dispersal— In Arizona, juveniles begin dispersing from the nest areas in mid-August
(Reynolds et al. 1994). Kennedy et al. (1994) intensively monitored initial juvenile
postfledging movement. During the period from 4 to 8 weeks after fledging, 75.9 per-
cent of locations were within 880 yards of the nest. Six of seven juveniles monitored
for several months remained on the Kaibab Plateau where they hatched, and one
moved 100 miles before dying. In Sweden, the maximum distance that juveniles
moved from their nest averaged 19 miles for males (n = 7) in rabbit-rich areas and
20 miles (n = 20) elsewhere; the average maximum distance for female young was
5 miles (n = 12) in dense rabbit areas and 14 miles (n = 22) elsewhere (Kenward et
al. 1993). In south-central Sweden, recoveries of banded birds indicated that six of
eight juveniles dispersed over 35 miles (Widen 1985). Based on 303 recoveries of
juveniles banded in northern Sweden, 44 percent dispersed more than 35 miles
(Hoglund 1964 as reported in Widen 1985). In contrast, only 4 percent of the juve-
niles in Germany dispersed over 35 miles (Glutz et al. 1971 as reported in Widen
1985). In central Alaska, dispersal by eight juveniles averaged 14 miles (McGowan
1975).

Detrich and Woodbridge (1994) examined adult fidelity to nesting territories for
9 years in northern California. Territory occupancy by females ranged from 1 to
7 years, and by males from 1 to 3 years. The authors note the difficulties in moni-
toring males and suggest that the male values are biased low. Among females
relocated in different territories, movements ranged from 3.4 to 8 miles (n = 22).
Males that moved and were relocated (n = 13) moved from 2.6 to 6.4 miles. These
values are biased low, owing to the difficulty in relocating banded birds that move
long distances.
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Diet—Studies of goshawk diet in North America emphasize breeding season prey
captures. Winter diets cannot be inferred from breeding season data. Furthermore,
because of the potential differences in prey consumed by the male away from the
nest and prey delivered to the nest, quantitative characterizations of diet may be
biased. During the breeding season, goshawks prey predominantly on medium-size
birds and mammals (mammals averaging 16 ounces and birds averaging 7 ounces)
in Oregon (Reynolds and Meslow 1984). In central Alaska and the Yukon, snowshoe
hare (Lepus americanus) dominate goshawk diets; goshawk population abundance
and productivity respond dramatically to cyclic changes in snowshoe hare abundance
(Doyle and Smith 1994, McGowan 1975). Reynolds et al. (1992: appendix 2) sum-
marize goshawk diets in North America based on five studies from California, New
York and Pennsylvania, Oregon, Arizona, and New Mexico. Examples of important
prey in North America include snowshoe hare and other lagomorphs, tree and
ground squirrels, woodpeckers, jays, and thrushes.

Based on observational data and inferences from a variety of studies, Widen (1989)
concluded that goshawk populations are generally food limited. McGowan (1975),
in Alaska, and Doyle and Smith (1994), in southwest Yukon, reached the same con-
clusion. Ward and Kennedy (1996) conducted a feeding experiment in New Mexico
that further supports the hypothesis of food limitation; nestling survival increased at
nests where food was supplemented in one of two years. Crocker-Bedford (1990)
found reduced reoccupancy after timber harvest in the landscape around nests sites
despite protection of nest stands; he attributed this to changes in foraging oppor-
tunities. Food limitation has been demonstrated in other raptor species as well (e.g.,
Hirons 1985, Korpimaki 1987).

The assertion that goshawks are food limited contrasts with the past emphasis
placed on management of goshawk nest sites. Recently, however, the goshawk
management plan for the Southwestern United States and the goshawk strategy
recommended for the Tongass NF (Crocker-Bedford 1993) stress foraging habitat
management or management of prey populations. The Southwest plan, in particular,
places primary emphasis on providing habitat for a variety of prey populations over
the long term.

Habitat use— Throughout North America, goshawks typically nest in various forest
types generally associated with mature or old-growth coniferous or deciduous forest
structures having relatively dense canopies (Shuster 1980; Jones 1981; Reynolds
et al. 1982; Moore and Henny 1983; Erickson 1987; Speiser and Bosakowski 1987;
Kennedy 1988; Crocker-Bedford and Chaney 1988; Hayward and Escano 1989;
Reynolds 1983, 1989; Marshall 1992). Most studies of habitat use concentrate on
forest structure at the nest tree and in the immediate vicinity. Far less is known about
roosting and foraging habitat used during the breeding season and about important
habitat use in winter.

Goshawks in the Western United States nest in the upper Sonoran through the
Hudsonian life zones. Studies from several states suggest that the species nests
in large coniferous or deciduous trees in older stands. Nesting stands have a high
degree of canopy closure (Reynolds 1989:97). Studies of nesting habitat can be
biased if samples of nests are located mainly through activities related to timber
harvest (e.g., Hayward and Escano 1989). Reynolds et al. (1992) characterize the
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nest area (the habitat covering about 30 acres immediately around the nest) as typi-
cally on a northerly aspect in a drainage or canyon and often near a stream. The
importance of a cool microsite (north exposure and near water) seems important
mainly in more southern latitudes of the species’ range. Variation in nesting habitat
is evident when comparing nest sites used in Nevada, which are in parklike aspen
with little understory and high canopy closure (Younk and Bechard 1994), to nest
sites in Oregon, which are in stands with the complex structure of old-growth forest
(Reynolds et al. 1982). Some evidence suggests that reoccupancy of nest stands
is related to nest stand size. In northern California, reuse of nest stands was
measurably lower in clusters of stands smaller than 26 acres (Woodbridge and
Detrich 1994).

Habitat within the postfledging family area (Kennedy et al. 1994) is not as well
defined as nesting habitat. This larger landscape (approximately 420 acres sur-
rounding the nest area) inherently includes a wider range of vegetation compared
to nest areas due to its greater size. Reynolds et al. (1992) suggest that this area
should include patches of dense trees, developed herbaceous or shrubby under-
stories, and habitat attributes (snags, downed logs, small openings) critical for many
goshawk prey. Kenward et al. (1993) also reported that fledglings generally remain
within 0.6 mile of the nest tree until they begin to actively hunt, at which time they
disperse.

Not enough data are available to allow a definitive characterization of goshawk
foraging habitat. Until recently this aspect of habitat use was virtually unstudied in
North America (Fischer 1986). Crocker-Bedford and Chaney (1988) suggest that
stands with large trees and dense canopies are used for nesting in Arizona because
these sites are associated with similar stands for foraging. Management guidelines
for goshawk foraging areas in the Southwest (Reynolds et al. 1992) recommend a
landscape interspersed with mature forest and small forest openings. Reynolds et
al. (1992) note, however, that few data exist on goshawk foraging.

Several recent studies indicate the range of habitats used for foraging. Hargis et
al. (1994) found that goshawks in eastern California use home ranges having more
patchy vegetation than random sites and includes diverse open habitats. There was
no statistically distinguishable habitat selection within the home range of 6 of 11 radio-
marked goshawks in northern Arizona (Bright-Smith and Mannan 1994). The most
obvious pattern was an increase in relative preference for forest types with increased
canopy closure. In a study examining goshawk productivity in five study areas in
Oregon, DeStephano et al. (1994a), recorded higher fledging rates in the area dom-
inated by lodgepole pine than in areas dominated by more typical mixed-conifer
forest. In the boreal forest of central Sweden, adult males and females foraged less
in young and middle-aged stands than expected, based on availability, and used
mature forest approximately twice as frequently as its availability; furthermore, a
majority of successful foraging attempts were documented in mature forest (Widen
1989). Widen (1989) concluded that increased prey availability did not lead to the
preference for mature, taller forest; older forests did not exhibit higher prey densities,
but the more dense, younger forests may have impaired goshawk hunting. In con-
trast, some studies in North America have found higher densities of some small
mammals in old forest (Carey and Johnson 1995, Hayward and Hayward 1995).
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During the breeding season, foraging goshawks include an extensive area in their
home range. Graham et al. (1994) suggest that goshawk home ranges in the South-
western United States need 6,900 acres of mid-aged, mature, and old forest inter-
spersed with openings and patches of small trees. In northern Arizona, home ranges
of 14 male goshawks averaged 3,800 acres (range 2,121 to 5,730 acres) during the
breeding season (based on a 95-percent harmonic mean) (Bright-Smith and Mannan
1994). Two males in eastern California used areas of 1,600 and 1,724 acres (based
on an adaptive kernel estimator) (Hargis et al. 1994). Three male goshawks in New
Mexico used 5,200 ± 1,567 acres during the breeding season (Kennedy et al. 1994).
Reynolds et al. (1992) characterize goshawk home ranges as 5,000 to 6,000 acres.

Few studies provide estimates of winter season home ranges. In the boreal forest of
central Sweden, Widen (1985) studied relocated goshawks from September to June
and estimated home ranges by using the minimum convex polygon. Male winter
ranges averaged 12,600 acres (range 4,400 to 19,800 acres, n = 23), and female
ranges averaged 15,300 acres (range 7,900 to 22,700 acres, n = 20). Home ranges
outside the breeding season averaged 20,480 acres for males and 7,872 acres for
females in California, representing a three- to four-fold increase over breeding season
home ranges (Keane and Morrison 1994).

Demography and breeding biology— Goshawk demography has received less
attention by scientists in North America than habitat use. Productivity, as measured
by the number of fledglings per nest, is the vital rate most easily quantified. Studies
throughout western North America indicate that production ranges from 0 to 2.8 young
fledged per nest (table 1). Kennedy (1989) reports nestling mortality of 25 percent. In
an experiment with food supplementation at some nests, Ward and Kennedy (1996)
observed nestling survival ranging from 37 to 100 percent over 2 years with the
lowest survival occurring in nests not supplemented with food. Long-term survival
rates of fledglings and recruitment rates into the adult population are unknown.
DeStefeno et al. (1994b) examined adult goshawk mortality but found a lack of fit
to the capture-recapture model.

The general lack of demographic data precludes attempts to model population
persistence or examine persistence qualitatively. Several authors (Crocker-Bedford
1990, Patla 1990, Reynolds et al. 1992, Ward et al. 1992) have reported loss of
nesting areas and predicted declines in local or state populations.

Characteristics of the nonbreeding portion of the population— Estimates of
goshawk abundance focus on the breeding portion of the population because sur-
vey methods are designed to detect breeders. Sampling of nonbreeding individuals
requires different methods, and efficient techniques are unavailable. Nonbreeding
individuals may play significant roles in goshawk demography, however, as they
do in other species (Newton 1991:5). Nonbreeding individuals may buffer popu-
lations during stress, stabilize breeding population abundance by quickly filling in
when breeders die, or serve to quickly increase the breeding density during periods
of prey abundance.
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Although it is difficult to estimate the proportion of the adult population made up of
nonbreeders, several studies in Europe have indicated a substantial portion of the
population does not breed. In Sweden, Kenward et al. (1990) found that many
adults are nonbreeders, especially females. In Finland, Linden and Wikman (1983)
estimated that 35 to 52 percent of the goshawks are nonbreeders, with the higher
proportion occurring during periods of low grouse populations. Similarly, Widen
(1985) estimated one-third of the adult, sedentary population in Sweden is
nonbreeding.

Metapopulation structure— We are unaware of literature that discusses goshawk
population dynamics in a metapopulation framework. Because of the relatively con-
tinuous nature of goshawk habitat and the scale of the use of the landscape by
individuals, goshawk dynamics may not fit a metapopulation framework.

Population limitations— Although several authors (Widen 1989, Reynolds et al.
1992, Doyle and Smith 1994) emphasize the role of prey in limiting goshawk popu-
lations, abundance and distribution may be limited by a variety of factors. Reynolds
(1989) examined threats to goshawk populations and discusses nesting habitat,
foraging habitat, pesticides, and human disturbance. Marquiss and Newton (1982)
discuss the importance of human persecution (shooting, trapping, poisoning) in the
status of goshawks in Great Britain.

Table 1—Productivity of goshawks in North America as measured by
the mean number of young fledged per nesting attempt

Number
Location of nests Productivity Source

Alaska 33 2.0 McGowan 1975
Oregon 48 1.7 Reynolds and Wight 1978
Oregon 3-6a 0.3-2.2 DeStefano et al. 1994a
Oregon 10 1.2 Bull and Hohmann 1994
Nevada 88 2.2 Herron et al. 1985
California 127 1.7 Bloom et al. 1986
New Mexico 16 0.9 Kennedy 1989
Arizona 19b 2.1 Crocker-Bedford 1990
Arizona 12 0.5 Crocker-Bedford 1990
Arizona 83 2.2 Reynolds et al. 1994
Nevada 36 2.2 Younk and Bechard 1994
Yukon, Canada 11 2.8c Doyle and Smith 1994

a Range from 5 sites studied over 2 years.
b Study included 19 control territories and 12 treatment territories.
c Value reported here was peak prey year; no young were produced in poor prey years.
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Reynolds et al. (1992) stressed the importance of prey in limiting goshawk popula-
tions. During periods when prey availability limits populations, exploitative compe-
tition with other carnivores could influence goshawk abundance and distribution. A
number of avian and mammalian predators consume prey taken by goshawk, and
potential competitors include lynx (Lynx rufus) (Ward and Krebs 1985) and great
horned owls (Marti et al. 1993). The link between great horned owls and goshawks
through consumption of similar prey was illustrated in studies of cyclic prey popula-
tions in Canada (Rusch et al. 1972). Reynolds (1979), Bosakowski (1990), and
Siders and Kennedy (1994, 1996) examined habitat use by sympatric accipiter
populations, and Reynolds and Meslow (1984) discuss food characteristics of three
coexisting accipiters. Schoener (1984) examined size ratios of coexisting accipiters
throughout the world; he found little evidence for the constant ratios hypothesized
by Hutchinson (1959). The degree to which accipiters influence the distribution or
abundance of one another is not established, however.

Changes in habitat structure may directly and indirectly influence population status.
Young forests lack the physical structure necessary for the large goshawk nest
platform. Forest structure immediately around the nest and in the landscape may
influence the probability of predation on nestlings and adults as well as influence the
thermal environment, which is tied to energy budgets and ultimately to productivity.
Forest structure also influences the abundance and accessibility of prey. In the long
term, vegetation condition at the landscape scale will influence goshawk populations.
Reynolds et al. (1992) emphasize this concept by focusing on desired forest condi-
tions and the link between forest structure and prey availability.

Natural predation also could limit population growth. In northern Arizona, predation
by the great horned owl (Bubo virginianus) was the single most important cause
of nestling mortality (Boal and Mannan 1994). Great horned owls and eagle owls
(B. bubo), in particular, prey on both adult and young goshawks (Rohner and Doyle
1992, Tella and Ma–osa 1993, Boal and Mannan 1994). Goshawks foraging in open
habitats may be vulnerable to a wide range of larger hawks or eagles. In Colorado,
Squires and Ruggiero (1995) found a dead, radio-marked goshawk that appeared
to have been killed (but not eaten) by a large raptor. Ward and Kennedy (1996)
suggest that female nest attentiveness is responsible for lower nestling mortality
at nests with food supplementation. When food was more abundant, females spent
more time near the nest and presumably were able to defend against predators more
effectively.

Williamson and Rausch (1956) suggest potential competitive relations between gos-
hawk and ravens (Corvus corax) in response to four observations of the species
occurring together in nonaggressive flight. Recent observations in Wyoming suggest
that goshawks will consume carrion (Squires 1995), a resource also used by ravens.

Competition for nest sites also could be important (Crocker-Bedford 1990). Kenward
(1996) speculates that fewer raptors may compete for nest sites with goshawks in
Europe than in North America, and this may explain why goshawks in Europe often
nest in more open environments than in North America.
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Species response to timber harvest—The mechanism for inferred impacts of
timber harvest on goshawks has not been established. Several factors may con-
tribute to decreased productivity and density in goshawk populations following
particular changes in forest structure and composition: (1) increased predation
on adults and young goshawks as hiding cover is reduced and potential predator
populations increase (e.g., great horned owls); (2) loss of cool thermal conditions
at nest sites; (3) reduced prey abundance or availability, or both; (4) increased
competition as predators that adapt to more open forest become abundant; and
(5) increased disturbance and human-caused mortality due to increased access
from the timber harvest road network.

Many authors who have studied goshawks in the Western United States have sug-
gested that extensive timber harvesting may result in reductions in goshawk abun-
dance (e.g., Hennessy 1978, Reynolds et al. 1982, Moore and Henny 1983, Hall
1984, Bloom et al. 1986, Woodbridge 1988, Crocker-Bedford 1990, Patla 1990).
Two studies document reduced nest reoccupancy after timber harvesting (Crocker-
Bedford 1990, Patla 1990). Other studies quantify lower breeding density in more
fragmented coniferous forest (Bloom et al. 1986), or reduced nest reoccupancy in
smaller stands (Woodbridge and Detrich 1994). Some studies compared more-
harvested home ranges to less-harvested home ranges and found less reoccupancy
and lower reproduction when greater harvest occurred in the landscape around the
nest (Crocker-Bedford 1990, Patla 1990, Ward et al. 1992). Reynolds (1989) suggests
that timber harvest threatens goshawk populations through loss of both breeding and
wintering habitat.

Goshawks typically nest in stands with higher canopy densities and larger trees
relative to other forested stands within a locale (see previous discussion). Goshawks
also exhibit strong fidelity to their nesting stands, though they may alternate among
nests and stands over a series of years (Reynolds and Wight 1978, Woodbridge
1988, Crocker-Bedford 1990, Woodbridge and Detrich 1994). Nest site fidelity is also
lower where nest stands are smaller and more fragmented (Woodbridge and Detrich
1994).

Some authors suggest that goshawk populations may be limited by prey consumption
(McGowan 1975, Mueller and Berger 1967, Kenward 1982, Widen 1985, Kenward
and Widen 1989, Doyle and Smith 1994). Limitation might be due to the absolute
abundance of prey or prey availability, which is related to forest structure that
impedes goshawk flight or provides prey escape cover (Reynolds and Meslow 1984,
Fischer 1986, Kenward and Widen 1989, Crocker-Bedford 1990, Reynolds et al.
1992, Austin 1993). The goshawk’s ability to capture prey therefore may be altered
by forest management that changes prey vulnerability (Reynolds 1989, Widen 1989,
Crocker-Bedford 1990).

Moore and Henny (1983) suggest that timber harvest could increase nest site com-
petition with raptors adapted to open habitat. More goshawk nest sites became used
by red-tailed hawks (Buteo jamaicensis), great horned owls, or great grey owls (Strix
nebulosa) in harvested areas than in unharvested locales (Crocker-Bedford 1990,
Patla 1990). Great horned owl predation on goshawks may increase if portions of
the canopy of nesting stands are removed (Reynolds et al. 1982, Moore and Henny
1983) or if nesting stands become smaller or more fragmented (Woodbridge and
Detrich 1994).
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Response to human disturbance— Goshawks actively defend their nest site against
intrusion by humans, frequently attacking or calling loudly when a person ventures
within a 20- to 25-acre area around the nest (Reynolds 1983). The impact of dis-
turbance on occupancy and productivity has not been established, however.

Analysis of
Northern Goshawk
Ecology in
Southeast Alaska
Systematics,
Distribution, and
Abundance

Systematics and distribution— The best available information indicates that in
southeast Alaska, the Queen Charlotte goshawk subspecies occurs from the U.S.-
Canadian border at Dixon Entrance, north through the coastal mainland and islands
of the Alexander Archipelago, to Icy Strait and Lynn Canal (Webster 1988, Titus et
al. 1994) and west to Peril Strait.2 Preliminary examination of morphological and
plumage characteristics of 35 goshawks (17 adults, 18 juveniles) captured at nest
sites in southeast Alaska between 1991 and 1993 suggests that a gradient of char-
acteristics exists between the Queen Charlotte goshawk and northern goshawk, with
birds becoming darker and smaller from north to south and east to west (Titus et al.
1994). For example, goshawks captured in the northern areas of southeast Alaska,
(e.g., Juneau), possess some characteristics of the northern goshawk, but these
goshawks were still within the range of characteristics considered descriptive of the
Queen Charlotte subspecies. These data suggest that a “cline” may exist within the
southeast Alaska population, possibly in response to characteristics of the temperate
rain forest environment.

Breeding and nonbreeding range— The southernmost confirmed northern goshawk
nest (in southeast Alaska) was located at Port Refugio on eastern Suemez Island;
the northernmost confirmed northern goshawk nest was located near the Lace River,
about 50 miles north of Juneau (Titus et al. 1994). Though not confirmed, observa-
tions indicate that goshawks nest on southern Prince of Wales and Gravina Islands
in southern southeast Alaska, north to near Skagway.2 Taverner (1940) and Beebe
(1974) characterize the Queen Charlotte goshawk as nonmigratory. Radio-telemetry
results indicate that most goshawks nesting in southeast Alaska remain in the region
year-round (Titus et al. 1994, ADF&G 1996). Of 26 radio-marked adult goshawks,
individuals were located a maximum of 2.8 to 58.7 miles (median 7.58 miles) from
their respective nest sites. The maximum movement of individual juvenile goshawks
from their respective nest sites after fledging and throughout their first winter ranged
from 7.2 to 101.1 miles (median 33 miles) (Titus et al. 1994).

Abundance, population trend, and density— There are insufficient quantitative
data to determine abundance or population trend for goshawks in southeast Alaska.
Speculation of goshawk abundance in southeast Alaska has ranged from 100 to 800
pairs (Crocker-Bedford 1990, 1994; Iverson 1990). Titus et al. (1994) characterized
goshawk densities in southeast Alaska as low.

Goshawk survey results— Data collected from standardized goshawk surveys
provide some indication of the success rate for locating goshawk nests in southeast
Alaska. The Regional Forester for the Alaska Region issued direction to survey for
goshawks and emphasized the importance of locating goshawk nests before land
management activities occur, such as finding nests while preparing timber harvest
units (USDA Forest Service 1992c). The Region adopted a survey protocol similar
to the technique described by Kennedy and Stahlecker (1993) where tape-recorded
goshawk calls are played at broadcast stations within a study area during the nesting
season to elicit responses from nesting goshawks.

2 Personal communication. 1996. R. Lowell.
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For this analysis, only confirmed nests with goshawks observed at the nests were
considered. Bird detections believed to be goshawks, but not associated with nests,
were not included because reliability differed among observers. Highly probable nests
were not considered. This analysis therefore is consistent with the “confirmed nest
pool” described by Titus et al. (1994). For each home range, only the first nest found
was included in the summary. New nests used as alternates to previously known
nests were not considered because knowledge of the previous nest biased the like-
lihood of finding the alternate nest. Similarly, new nests found by following radio-
collared birds were not considered. The following analysis began in July 1992 and
continued through September 1994.

Twenty nests met the stated criteria (i.e., new territories found July 1, 1992,
to September 1994). In four cases, the initial detection occurred during broadcast
surveys for goshawks. In 12 cases, the initial goshawk detection occurred during
some type of timber preparation activity, such as layout of a harvest unit boundary
or road, timber volume cruise, fish stream analysis or buffer layout, soil surveys,
or wildlife analyses other than goshawk surveys. In four cases, the initial goshawk
detection did not relate to either timber harvesting or goshawk surveys: The Mitchell
Creek nest (Petersburg Ranger District [RD]) and Margaret Lake nest (Ketchikan RD)
stemmed from sightings related to fish habitat activities, and the Blueberry and Point
Bridget nests (Juneau RD) stemmed from sightings related to recreational activities.

Data for the four nest locations resulting from initial goshawk detections during broad-
cast surveys appear in table 2. Table 2 also shows the number of broadcast survey
stations in each Ranger District of the Tongass NF. Data from all broadcast survey
stations were totaled, including data from efforts to find alternate nests relative to
known nests, as well as from surveys that followed up on detections from sale prep-
aration activities. Thus, the number of broadcast survey stations in table 2 is greater
than the number that led to the four nest locations in table 2, and the “success” rate
cannot be calculated by determining the number of nests per broadcast station. Data
for the 12 nests located as a result of goshawk detections during timber preparation
activities are shown in table 3. Also shown are the millions of board feet (MMbf) of
timber prepared from July 1, 1992, to September 30, 1994, as recorded in the Alaska
Region timber management database. In general, the amount of timber prepared
for sale is positively related to personnel field effort and serves as a surrogate for
goshawk “survey” effort.

In the northwest region (Sitka and Hoonah RDs), only one nest was found during
preparation of 385 MMbf for sale. A large proportion of the timber sale preparation
here occurred in watersheds with substantial historical timber harvest.3 After goshawk
detections during timber sale preparation, relatively little effort was made to locate
nest sites in the northwest and northeast Tongass regions—in the Hoonah and Sitka
RDs, usually less than a day by two people (average about one-half day each by
two people; see footnote 3). Efforts to locate goshawk nests after initial observa-
tions were generally greater in the southwest and southeast Tongass regions. In the
Ketchikan RD, 5 to 10 days by a crew of two people was typical of the amount of
time allocated to nest searches after an initial observation.4 In the Thorne Bay RD,

3 Personal communication, May 1, 1995, T. Schenck,
wildlife biologist, Chatham Area, Sitka, AK 99835.

4 Personal communication, May 4, 1995, K. Burns,
wildlife biologist, Ketchikan RD, Ketchikan, AK 99901.
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10 to 20 staff days were spent in efforts to find active nests after reported detections
of goshawks, though 3 days by a crew of two biologists was more typical.5 The Craig
RD spent nearly 20 staff days following up on goshawk detections in the vicinity of
Old Franks Lake. Followup survey effort in the central Tongass region was generally
intermediate, where typically 2 days by a two-person crew were spent following up
on goshawk reports.6 Therefore, the fewer nests located in the Ketchikan Area were
likely not due to less effort. Despite generally greater nest search effort following
reports of goshawk detections, the southern Tongass (especially the Thorne Bay
and Craig RDs) exhibited a lower relative nest discovery rate, based on the volume
of timber prepared, than did the central portion of the Tongass.

The locations prepared for timber harvest and surveyed for goshawks were not
randomly chosen; thus the variation among different areas of southeast Alaska
could be due to the characteristics of the specific locations searched, which may

5 Personal communication, May 5, 1995, C. Ford, wildlife
biologist, Thorne Bay RD, Thorne Bay, AK 99919.

6 Personal communication, May 5, 1995, E. DeGayner,
regional wildlife ecologist, Petersburg, AK 99833.

Table 2—Goshawk survey broadcast stations and related
nest discoveries in southeast Alaska, 1992-94 a

Ranger District (RD) or subregion Broadcast stations Nests located

Number

Sitka RD 960 1
Hoonah RD 506 0

Total, northwest Tongass NF 1466 1

Yakutat RD 248 0
Juneau RD 789 1
Admiralty National Monument 255 1

Total, northeast Tongass NF 1292 2

Petersburg RD 2338 0
Wrangell RD 459 0

Total, central Tongass NF 2797 0

Thorne Bay RD 1405 0
Craig RD 1461 0

Total, southwest Tongass NF 2866 0

Ketchikan RD 1005 1
Misty Fiords National Monument 179 0

Total, southeast Tongass NF 1184 1

Total, Tongass NF 9605 4

a Only new nest discoveries (new territories) resulting from initial
goshawk detections during the broadcast surveys are included.
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not be representative of the most typical or common habitats of southeast Alaska.
For example, many timber sale preparation activities in the southern region (where
the majority of goshawk surveys occurred) were in areas that had experienced
considerable previous timber harvest and had highly modified landscapes. In
contrast, most new nests on the central region were located through surveys in
areas that often contained less past timber harvest.7 Information on goshawk
relative abundance collected during the past 7 years suggests that goshawks
exist as a relatively low-density population in southeast Alaska. Since the first
confirmed goshawk nest was located on Suemez Island in 1989, a cumulative
total of only 36 goshawk nesting areas have been located in southeast Alaska
(table 4), despite intensive survey efforts. Most known active nests were located
in 1994 when 21 active nests were monitored; despite active monitoring of histor-
ical nest areas as well as searches for new nest sites, the number of active nests
located dropped to only 10 in 1995.

7 Personal communication, May 5, 1995, C. Flatten,
wildlife biologist, ADF&G, Ketchikan, AK 99901.

Table 3—Timber sale field preparation and related goshawk
nest discoveries, 1992-94

Ranger District (RD) or subregiona Timber prepared Nests located

MMbfb Number

Sitka RD 331 0
Hoonah RD 54 1

Total, northwest Tongass NF 385 1

Yakutat RD 0 0
Juneau RD 1 0
Admiralty National Monument 1 0

Total, northeast Tongass NF 2 0

Petersburg RD 124 9
Wrangell RD 49 0

Total, central Tongass NF 173 9

Thorne Bay RD 122 1
Craig RD 82 0

Total, southwest Tongass NF 204 1

Ketchikan RD 83 1
Misty Fiords National Monument 0 0

Total, southeast Tongass NF 83 1

Total, Tongass NF 847 12

a After initial detection, the effort to locate nests differed considerably among
Ranger Districts.
b MMbf = million board feet.
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Goshawk surveys in wilderness and roadless areas— Because many goshawk
nests have been located in southeast Alaska as a result of timber sale preparation
activities (e.g., 58 percent; ADF&G 1996) an evaluation was needed to determine
if this sample of nests was representative of the relative density of goshawks through-
out the region. Lands not subject to timber harvest, typically wilderness areas or
areas set aside by the Tongass Timber Reform Act (TTRA), also may contain gos-
hawks. Schempf et al. (1996) conducted a preliminary survey of goshawks with the
following objectives:

• Sample wilderness and roadless areas not subject to timber harvest for nesting
goshawks.

• Determine representative detection rates for goshawks in the coastal forests of
southeast Alaska through standardized methods.

• Quantify prey species and habitat characteristics at each broadcast point.

Schempf et al. (1996) surveyed 724 points in 62 plots for goshawks during summer
1995, covering about 26 square miles, by broadcasting conspecific taped goshawk
calls and using a survey protocol similar to that employed by the Forest Service
(FS) (USDA Forest Service 1992c). They obtained responses at four stations in
one plot by a single adult goshawk for a detection rate of 1.6-percent per plot and a
station detection rate of 0.15 percent. Their results were lower than the 1.15-percent
goshawk detection rate reported by Kvaalen and Iverson (1994) that summarized a
FS goshawk survey effort that used the FS survey protocol, primarily in timber sale
preparation areas. Detection rates reported by Kvaalen and Iverson (1994) are likely
biased overestimates because many detections were related to previously reported
goshawk observations and suspected nest sites. Schempf et al. (1996) reported that
detection rates using comparable techniques were 9 times higher in Arizona (Joy et
al. 1994) and 7 times higher in Idaho (Patla and Trost 1995) than in southeast Alaska
and concluded that low detection rates relative to other regions suggests a low den-
sity and widely dispersed population of goshawks in southeast Alaska. Schempf et al.
(1996) also concluded that their data could not support the hypothesis that wilderness
and roadless areas of the Tongass NF support a substantial reservoir of goshawks
that may buffer population losses from lands intensively managed for timber harvest.

Table 4—Numbers of active goshawk nests, by year,
and cumulative number of all identified nesting areas
(including active and inactive nests) in southeast
Alaska

Year Active goshawk nests Goshawk nesting areas

Number Cumulative number

1989 1 1
1990 0 1
1991 3 7
1992 3 8
1993 8 16
1994 21 33
1995 10 36
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Goshawk breeding biology in southeast Alaska— Relocation data collected
throughout the year from goshawks radio tagged in southeast Alaska suggest that
adults do not migrate and they begin to frequent nest stands in late February and
early March (ADF&G 1996). Pairs engage in courtship flight displays before and
during nest repair (Beebe 1974). During the current southeast Alaska study, only
one goshawk flight display was documented involving an adult male; that occurred
on June 15, 1994, following a failed nesting attempt at a nest site near Port Refugio
on Suemez Island (see footnote 2, p. 22).

Goshawk nesting chronology in southeast Alaska was estimated by backdating from
estimated dispersal dates of 21 juveniles radio tagged at 15 nest sites between 1992
and 1994 (Titus et al. 1994). Juvenile goshawks were considered to have dispersed
when they moved more than (>) 0.9 mile from the nest without returning (Kenward
et al. 1993). Dispersal dates were estimated as the midpoint between the date of the
first relocation > 0.9 mile from the nest and the date of the last relocation less than
(<) 0.9 mile from the nest. Age at dispersal was estimated by comparing observed
morphological development of 14 juvenile goshawks at nine nest sites with the age-
specific characteristics given by McGowan (1975). Fledging dates for southeast
Alaska juveniles were calculated by using nestling periods of 36 days for males
and 42 days for females, based on the 35- to 42-day range reported for the goshawk
nestling period (McGowan 1975, Reynolds and Wright 1978, Newton 1979, Johnsgard
1990, Kenward et al. 1993, Boal and Mannan 1994). The date of egg laying was
estimated by using an incubation period of 30 days (Beebe 1974, McGowan 1975,
Reynolds and Wight 1978).

In southeast Alaska, egg laying was estimated to occur between April 12 and May 24
(ADF&G 1996). Based on the apparent age of nestlings when first observed, the
mean hatching date for 21 juveniles at 15 nests was June 3 (range, May 12 to June
23) (ADF&G 1996). Mean estimated fledging date for 21 juveniles in southeast Alaska
was July 13 (range, June 23 to August 4) (ADF&G 1996). Mean estimated postfledg-
ing period for 14 juveniles was 40 days (range, 35 to 47 days) (ADF&G 1994). In
southeast Alaska, estimated dispersal from nest sites occurred 76 to 82 days after
hatching and the mean estimated age at dispersal for 7 males was 75 days, and
for 7 females was 82 days (Titus et al. 1994). Mean estimated dispersal date for
21 radio-tagged southeast Alaska juveniles was August 21 (range August 2 to
September 13) (ADF&G 1996).

Patterns of Goshawk
Movements, Habitat
Use, and Habitat
Selection Based On
Radio Telemetry

Radio-telemetry methodology— Before 1992, no information was available on
habitat use or movement patterns of goshawks inhabiting the Tongass NF. Between
1992 and 1995, ADF&G biologists radio tagged 67 goshawks, including 61 (33 adults,
28 juveniles) captures at 23 nest sites, and 6 (2 adults, 1 juvenile, 3 immatures)
captures away from nest sites (ADF&G 1996). Between June 17, 1992, and Jan-
uary 1, 1996, goshawks were located 2,333 times by using fixed-wing aircraft and
standard aerial radio-tracking techniques (Kenward 1987, Samuel and Fuller 1994).
Mountainous terrain, the lack of a road system, and goshawk movement patterns
precluded the use of ground-based telemetry. In contrast to ground-based tracking
techniques, aerial tracking minimizes occasions when goshawks cannot be relocated
owing to long-range movements or restricted observer access. Aerial tracking surveys
generally covered 400 to 600 square miles, but often were increased substantially

27

603_0150 



(doubled) to relocate birds that went undetected in the principal use area. Error asso-
ciated with relocation points is estimated to be up to 300 feet, based on historical
tracking experience in a variety of radio-telemetry projects in southeast Alaska
(Schoen and Kirchhoff 1983).

Observers collected information on cover type based on their estimate of the location
of the telemetry signal. Observers also plotted telemetry location on maps and aerial
photographs that were subsequently transposed into the Tongass NF GIS. The GIS
maps were then edited by investigators who collected the data by using check maps.
This editing protocol minimized errors. The GIS provided a land cover classification
system to assign a cover type and physiographic information (e.g., slope, aspect,
and elevation) to each relocation.

Goshawk movements— Relocation data collected from 26 adult goshawks radio
tagged at nest sites in southeast Alaska between 1992 and 1994 suggest that most
goshawks do not undergo long-range annual migration (ADF&G 1996). Some adults
were monitored for more than 1 year for a combined total of 38 bird years (i.e., 1 bird
monitored for 1 year). Of the total 38 bird years, 28 extended throughout the winter,
indicating that the birds did not migrate out of the region. Of the remaining 10 birds,
2 died in fall, 6 were lost during fall or early winter (migratory status unknown), and
2 either had their transmitters stop functioning or fall off, or they died (ADF&G 1996).
Two of the six adult goshawks whose radio signals were lost during fall or early win-
ter were subsequently relocated the following spring with functioning radio transmit-
ters. It could not be determined if these two individuals moved outside Alaska, or if
they remained in Alaska but beyond the range of aerial tracking flights. Researchers
studying goshawks elsewhere have noted that migration often is tied to regional fluc-
tuations in prey, and winter irruptions in more southerly regions sometimes occur as
a result of reductions in the availability of prey to the north (Beebe 1974, McGowan
1975, Doyle and Smith 1994). Several ornithologists have speculated that the Queen
Charlotte goshawk does not migrate (Taverner 1940, Beebe 1974, Jones 1981,
Webster 1988).

Adult goshawks exhibited two separate patterns of seasonal movement at nest
sites in southeast Alaska. Some adults used winter and breeding season areas
that overlapped extensively, and others used largely exclusive winter and breeding
season areas with little or no overlap. Eleven of 15 adults (7 males, 4 females) radio
tagged in 1992 and 1993 and monitored through winter had breeding season and
winter use areas that overlapped extensively. These birds expanded the size of
breeding season use areas during the nonbreeding season but continued to use
their breeding territories and nest sites. Although this pattern of seasonal movement
was documented for both sexes, it was most prevalent among adult males. Six of
eight adult males radio tagged at nest sites and monitored throughout winter main-
tained loose, year-round associations with their respective breeding season use
areas. Of the two adult males with the greatest documented winter movements
away from breeding sites, 58.7 and 26.8 miles, both were deserted by females,
who then selected new mates at different nesting territories. During the breeding
season immediately following desertion of their mates, these two males maintained
use areas similar to those documented the preceding year but were nomadic during
the ensuing winter. It is not known if these two males successfully remated or
attempted to nest during the next breeding season.
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Radio-tagged adult females exhibited seasonal movement patterns (previous para-
graph) but had a greater tendency to be nomadic than did adult males. Some
females moved from their breeding season home range during fall and winter, and
one established a winter use area 33.5 miles from the previous nest, the maximum
distance documented. There was no evidence, however, of migration or consistent
seasonal movements (Titus et al. 1994). Four of seven adult females radio tagged at
nest sites in 1992 and 1993 and monitored throughout the winter had seasonal use
areas that overlapped extensively. Three others used exlusive winter and breeding
season areas with little or no overlap; their movements from breeding areas to winter
areas occurred during or immediately after the fledgling-dependency period.

Site fidelity— Seventeen instances of renesting in successive years were document-
ed between 1992 and 1995 in southeast Alaska (ADF&G 1996). These included 13
sites where the active nest occurred in the same territory in successive years and
4 sites where the active nest occurred in a different territory. Both members of the
previous years nesting pair were known to be present at 5 of 13 instances where the
same territory was reoccupied. The identity of only one pair member was known at
two sites and the identity of neither pair member was known at six sites. All four
instances where the active nest occurred in different territories in successive years
involved radio-tagged adult females with spatially separated seasonal use areas.
These females selected new mates and established breeding territories within pre-
viously documented winter use areas. Distances between sequential-year nests for
these four females ranged from 2.3 to 26.9 miles. Radio-tagged adult males have
not moved to a new breeding territory to date and have displayed greater nest site
fidelity than adult females.

Adult goshawk movements suggest a complex pattern of nomadism and site tenacity
that differs between sexes. The pattern is similar to the more extensively documented
pattern observed in boreal owls (Aegolius funereus). In this northern owl, food stress
favors nomadism and nest site scarcity favors site tenacity, resulting in different
movement patterns for males and females: females exhibited nomadism and males
exhibited site tenacity (Lundberg 1979, Lofgren et al. 1986).

Nest site abandonment during the fledgling dependency period— Between 1992
and 1995, there were three instances in which adult goshawks abandoned nest sites
and care of young during the fledgling dependency period. In all three cases, adult
females abandoned care of fledglings and began movements toward winter use areas
spatially separated from breeding season use areas. Adult males continued to provide
for fledglings until dispersal (ADF&G 1996). Some Cooper’s hawks exhibit this pat-
tern, which may be associated with females in poor condition (Kelly and Kennedy
1993).

Juvenile postfledging movements— Between 1992 and 1995, 28 radio-tagged fledg-
ling goshawks (8 males, 20 females) at 19 nest sites in southeast Alaska were mon-
itored for postfledging movements by using fixed-wing aircraft. These movements
were assumed to begin when juveniles moved > 0.9 mile from their nests and did not
return for at least 2 days (Kenward et al. 1993). Juveniles were monitored at irregular
intervals through autumn and winter or until signals were lost, radio packages were
shed, or the birds died.
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Of the 28 juveniles captured and radio tagged, 23 moved > 0.9 mile from the nest
while being monitored. Four juveniles could not be relocated after moving from the
nest area, and one died during the fledgling-dependency period. The mean maxi-
mum dispersal distance for 23 juveniles relocated after dispersing from nest sites
was 39 miles with a range of 7 to 101 miles. Both the lengths of time when individ-
ual juveniles were monitored and the number of relocations varied greatly. The moni-
toring period for 23 juveniles relocated after dispersal ranged from 9 to 319 days
(mean 126 days). Mean and maximum dispersal distances from the nest likely are
underestimates because transmitter failure or long-range movements beyond the
range of tracking flights prevented documentation of greater dispersal distances.
Following initial nomadic movements away from nest sites, juveniles often established
use areas in late fall and winter where they were consistently relocated until radio
tags either failed or were shed, or mortality occurred.

Size of goshawk use areas— Aerial radio-telemetry relocation estimates were used
to calculate the size of adult goshawk use areas during the breeding season from
15 March through 15 August (table 6). Sample sizes used to estimate size of the use
areas were relatively small (mean = 26 relocations per individual) and were limited
by costs and weather associated with aerial radio telemetry. The advantage of these
data was that goshawks were relocated even if they were some distance away from
their nest area, such as over a ridge or mountain where ground-based telemetry likely
would not locate the individual. We estimated the size of use areas by calculating
minimum convex polygon (MCP) areas, and 90-percent and 50-percent mononuclear
probability polygons (MPP) (White and Garrott 1990). We assumed that all telemetry
relocations were independent because in most all instances telemetry flights were
conducted at intervals of 24 hours or more. The number of use areas was greater
than the number of radio-tagged adult goshawks because some birds used different
areas in different years, and these were considered separately.

The median size of female use areas (9,469 acres) were only slightly smaller
(table 5) than those of males (11,425 acres) (table 6) during the breeding season.
There was considerable variation in the size of use areas among individuals, even
though some individual relocations were eliminated for goshawks that had very
large use areas because they abandoned their breeding season use area before
completion of the breeding period (table 5). Median 50-percent MPPs were much
smaller for females (96 acres) than for males (1663 acres), indicating a female
affinity for the immediate nesting area during much of the breeding season. The
size of these breeding season use areas is larger than generally described for the
species (see “Review of Northern Goshawk Ecology in North America,” above).
Twelve of 17 adult females had use areas > 6,000 acres during the breeding season
(table 5). By contrast, home range size for goshawks in other regions was smaller
than found in southeast Alaska. Bright-Smith and Mannan (1994) estimated mean
breeding season home range size for 11 male goshawks at 4,342 acres in Arizona,
and Austin (1993) estimated mean home range size at 5,989 acres in California.
Caution needs to be used in comparing among studies, because radio-telemetry
locations were obtained in southeast Alaska from aircraft whereas other researchers
usually used ground-based telemetry methods.
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Table 5—Use areas for adult female goshawks during breeding (nesting) and
nonbreeding seasons, as determined by the 100-percent minimum convex
polygon (MCP) area and 90-percent and 50-percent mononuclear probability
polygons (MPP)

Bird Relocations 100% MCP 90% MPP 50% MPP

Number − − − − − − − − − − Acres − − − − − − − − − −

Breeding season:
BBF1 67 8,369 2,659 22
BJF1 19 214,313 149,696 175
BJF1 19 4,690 1,285 96
AF12 10 6,701 3,976 74
ECF1 62 17,001 16,042 7
MCF1 20 6,714 5,674 895
MPF1 18 3,652 3,193 519
NCF1 34 5,844 2,439 37
PBF1 9 492 334 89
PBF1 20 11,495 4,994 27
PRF1 16 4,562 3,005 586
RNF1 13 9,469 8,471 487
RRF1 25 203,391 46,974 10,608
SLF1 29 59,552 42,354 4,455
SLF1 28 13,371 5,372 86
TRF1 44 10,408 9,301 44
WPF1 9 16,259 16,010 4,478

Mean 26 35,076 18,928 1,335
Median 20 9,469 5,372 96
n 17
SD 17 66,728 36,337 2,782

Nonbreeding season:
BBF1 42 64,049 32,074 9,084
BJF1 40 31,185 22,768 3,754
ECF1 36 25,748 22,825 10,247
MCF1 23 2,436 2,105 52
MPF1 35 34,026 14,253 6,484
NCF1 25 8,377 6,291 2,471
PBF1 16 213,300 67,706 10,588
PRF1 10 4,416 3,499 667
RNF1 106 59,503 37,955 16,403
RRF1 27 255,258 161,359 6,047
RRF2 13 452,200 445,281 227,879
SLF1 35 79,444 74,205 17,695
SLF1 24 105,019 53,029 17,663
TCF2 27 411,675 172,825 872
TRF1 68 30,048 27,404 8,703
WPF1 16 5,977 1,567 603

Mean 34 111,416 71,572 21,201
Median 27 46,764 29,739 7,594
n 16
SD 24 144,870 112,441 55,442
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Table 6—Use areas for adult male goshawks during breeding (nesting) and
nonbreeding seasons, as determined by the 100-percent minimum convex
polygon (MCP) area and 90-percent and 50-percent mononuclear probability
polygons (MPP)

Bird Relocations 100% MCP 90% MPP 50% MPP

Number − − − − − − − − − − Acres − − − − − − − − − −

Breeding season:
BBM1 63 10,089 7,897 2,182
BJM1 27 16,282 10,596 1,910
BPM1 22 6,813 3,432 467
ECM1 30 10,539 6,192 979
FCM1 44 10,255 6,531 840
HCM1 22 12,311 8,224 1,834
LRM1 39 23,853 18,429 2,780
MCM1 12 10,532 6,798 618
MIM1 14 8,063 6,533 1,198
MPM1 19 9,417 7,653 2,120
NCM1 62 21,108 11,085 1,475
RNM1 38 15,133 11,720 6,647
RRM1 30 38,375 29,529 5,293
SLM1 40 48,185 17,312 1,493
TRM1 25 26,341 24,933 5,716
WPM1 9 4,440 3,109 734

Mean 31 16,983 11,248 2,268
Median 29 11,425 8,061 1,663
n 16
SD 16 12,062 7,576 1,919

Nonbreeding season:
BBM1 39 26,341 11,055 3,699
BJM1 57 60,961 32,321 8,535
BPM1 34 29,825 20,043 3,973
ECM1 18 36,300 16,717 1,075
FCM1 23 26,638 13,620 7,124
LJM1 22 29,405 23,070 8,715
LRM1 18 38,474 24,028 3,534
MCM1 27 442,069 50,236 6,099
MPM1 28 14,945 11,584 2,698
NCM1 25 14,841 7,979 1,893
PBM1 11 16,385 14,861 2,916
RNM1 54 561,667 430,702 11,690
RRM1 24 94,913 54,561 25,452
SLM1 20 157,726 152,859 51,521
TRM1 25 71,586 55,203 12,859

Mean 28 108,138 61,256 10,119
Median 25 36,300 23,070 6,099
n 15
SD 13 165,806 108,462 13,004
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The size of use areas also ranged greatly among individuals during the nonbreeding
season from 16 August through 14 March; mean and median sizes of both adult
female and adult male use areas were much larger than during the breeding season
(tables 5 and 6). Ninety-percent MPP use areas eliminated 10 percent of the outer-
most location estimates, but even these median areas exceeded 20,000 acres for
both sexes. Only 4 of 18 female use areas were < 10,000 acres, indicating that these
birds make extensive movements over large areas during autumn, winter, and early
spring. No male MCP use areas were < 10,000 acres and only 1 of 15 90-percent
MPPs was < 10,000 acres. There are few North American nonbreeding season data
to compare with those presented here.

We also examined the size of local areas used by juveniles after leaving the nest
but prior to permanent departure from the nesting area. Our objective was to eval-
uate the concept of the postfledging area concept reviewed earlier (see “Review of
Northern Goshawk Ecology in North America,” above) to determine if this behavior
and relation occurs in southeast Alaska. We assumed that juveniles departed the
nest area when they moved > 0.9 mile from their nests and did not return for at least
2 days (Kenward et al. 1993). The average MCP of radio-marked juveniles having
over five relocations was 58 acres (n = 7, range 6 - 253 acres, SD = 88.5), much
smaller than the 400- to 600-acre value reported by Kennedy et al. (1994). These
estimates may be conservative owing to a limited number of relocations; many
juveniles are captured and radio marked after fledging but before dispersal.

Habitat use and selection within seasonal use areas— We recognize that habitat
selection processes occur at a variety of spatial scales (Hilden 1965, Johnson 1980).
However, we examined only habitat selection within seasonal use areas (home
ranges) by comparing patterns of habitat use with estimates of habitat availability
(ADF&G 1996). Habitat use was defined as the proportion of goshawk telemetry
relocations occurring in each habitat cover type. Habitat availability was defined as
the proportion of each habitat cover type occurring within the 100-percent MCP for
each bird within a season (breeding and nonbreeding) and year. Individual goshawks
were the sampling unit, and a different number of relocations were collected from
each goshawk throughout the year.

Minimum convex polygons (MCP) were produced for each adult goshawk by using
the GIS to estimate areas used by goshawks. Because of high variability in our
sampling intensity and the spatial patterns exhibited by individual birds, we do not
feel we described home ranges adequately for many birds; we thus prefer to use
the term “use areas” rather than “home ranges.”

Within the MCP use area for each individual goshawk, five landscape positions and
eight habitat cover types were discerned by using GIS (table 7). Very high volume
and high volume old-growth cover types were pooled for a seven-variable analysis.
In all analyses, very high volume was never different from high volume (P > 0.05),
which may be due to coarse similarities in vegetation structure among these two
classes relative to other cover types. This data set constituted the within-use-area
habitat available to an individual bird. Not all goshawks had all cover types available
in their seasonal use area. For instance, at broader levels of habitat selection (Hilden
1965) alpine habitat is theoretically available to all birds in southeast Alaska. How-
ever, some birds have selected seasonal use areas without alpine habitat; thus they
have no opportunity to select this type within the scale of our habitat use analysis.
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Table 7—Landscape position and habitat cover types as determined by the
Tongass NF GIS and used for goshawk radio-telemetry habitat analyses

Cover type or landscape Code Description

Landscape position:
Riparian R 200- to 300-foot buffers on each side of

anadromous and resident fish streams

Beach and estuary fringe B1 Habitat zone 0-500 feet inland from the
shoreline and 0-1000 feet inland from
estuaries

Extended beach fringe B2 Habitat zone 500-1000 feet inland from the
shoreline

Alpine A Alpine, rock, and nonforest above 2,000 feet
elevation

General upland G General upland areas not included in any
defined zone

Vegetation structure:
Productive old-growth forest— Old-growth forest capable of producing > 20

cubic feet of wood fiber per acre per year

Very high productivitya VH Very high volume old-growth: = 39,000
Mbf/acreb

High productivitya H High-volume old-growth: = 31,400 Mbf/acre

Moderate productivitya M Moderate volume old-growth: = 25,100
Mbf/acre

Low productivitya L Low-volume old-growth: = 15,700 Mbf/acre

Scrub forest S Unproductive old-growth forest producing < 20
cubic feet of wood fiber per acre per year

Clearcut C Mostly clearcut but also primary succession
areas

Mature sawtimber MS Approximately 75- to 150-year-old sawtimber
stands

Nonforest N < 10-percent tree cover

a See Julin and Caouette (in prep.) for further clarification of timber volume categories.
b Mbf = thousand board feet.

x

x

x

x
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We considered the breeding season to occur from 16 March through 15 August. All
telemetry locations for adult goshawks were used including those associated with fe-
males during incubation. These form a small percentage of the entire data set. Some
goshawks moved > 15 miles from their nest site during the breeding season. Move-
ments by individuals > 24 miles from the nest site during the breeding season sug-
gested fundamental shifts in use areas (primarily by females) or nomadic movements
and were eliminated as data points in the estimation of MCP use areas. For the
breeding season compositional analyses, our sampling units were individual gos-
hawks. Habitat use by an individual goshawk within a season was considered unique
and if the bird moved to a different nesting area between years it represented an
additional sample unit. For the breeding season analysis, 14 adult female goshawks
represented 17 goshawk sampling units and 16 adult male goshawks represented
16 sampling units (tables 5, 6).

We considered the nonbreeding season to occur from 16 August through 15 March.
All telemetry locations for 31 adult goshawk sampling units during the winter season
(tables 5, 6) were used to determine an MCP use area for estimating abundance of
available cover types.

Habitat use— We described patterns of habitat use within use areas by analyzing
seven habitat cover types. Estimates of goshawk habitat use were made by the
proportion of radio-telemetry relocation points occurring in each cover type. The
habitat selection analyses used a log-ratio difference test developed by Aebischer
et al. (1993) and was based on the compositional analyses of Aitchison (1986). We
chose this method to take advantage of the use of each goshawk as the sampling
unit, to minimize the problems of nonindependence of proportions, to scale the test
for selection by the use-availability difference between each animal, and then to test
for between group (e.g., sex, season, study location) differences.8

The compositional analysis method of Aebischer et al. (1993) uses the log-ratios of
use habitat composition paired with its corresponding log-ratios of available habitat
composition. We then used a linear model MANOVA, to test for various differences
in model parameters. The MANOVA model tested for the overall null hypothesis that
use and availability did not differ among all cover types. If differences were noted
based on Wilks’ lambda ( ), then we performed a series of t-tests and Wilcoxon
rank tests measuring the difference between random use among all pairs of habitat
variables. This approach allows one to assess patterns of differences in paired habitat
variable combinations. Finally, we followed Aebischer et al. (1993) and Johnson’s
(1980) methods to rank cover types. Tied ranks were not permitted because of the
antisymmetry properties and independence of the log-ratios. Like the descriptions of
Aebischer et al. (1993), our data sets were composed of some missing cover types
that are not permitted in the log-ratio analyses. Rather than removing these from
the analysis, we substituted the value of 0.0001 for missing cover types, which
was much smaller than any corresponding real habitat value.

8 The compositional analysis program was developed by J.
Blick using WINSAS (1993); ADF&G, Box 240020, Douglas,
AK 99824. Contact K. Titus for information.

λ
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We treated most individual goshawks equally in terms of weighting for the composi-
tional analyses regardless of the number of radio-telemetry relocations for that bird.
Exceptions were those birds for which multiple years of data existed and we knew
they moved to different use areas between years. This approach had some effect
of weighting, in that the seven birds that moved to different areas during the nesting
season and for which more relocations existed counted >1 time in the analysis. We
performed a seven-variable analysis to test within-use-area habitat selection with
tests for season and sex effect.

Our sample of 64 goshawk sampling units was based on 1,906 radio-telemetry re-
locations that ranged from 9 to 106 relocations per bird per season, each at least
1 day apart. Goshawks with less than 11 relocations were removed from the anal-
ysis, leaving 59 goshawk sampling units. Based on the seven-variable analysis,
there was overall habitat selection by goshawks (MANOVA, P < 0.0001) (table 8).
There was no seasonal effect (P = 0.189) and no sex effect (P = 0.341) in the
model. Patterns of selection for specific habitat variables indicated selection for
very high/high volume old-growth forest and medium-volume old-growth forest
relative to their availability within goshawk use areas; they were the two highest
ranked cover types. Mature sawtimber (older second growth), scrub forest, and low
volume old-growth forest were selected significantly less than the two higher volume
old-growth forest types. Nonforest and clearcut or early succession habitat cover
types were statistically avoided relative to availability and were the lowest ranked
cover types. Pooling mean differences for all goshawks by each of the seven hab-
itat variables allows a depiction of relative habitat selection and compliments the
statistical test we performed based on Aebischer et al. (1993). Combining both

Table 8—Ranking matrix of habitat selection by adult goshawks that tests for within minimum convex
polygon (MCP) use area selection compared with individual radio-telemetry relocations a

Cover typeb c VH/Hx Mx MSy Sy Ly Nz Cz Rankd

Very high/high productivity (VH/H) 0 + +++ +++ +++ +++ +++ 6
Moderate productivity (M) − 0 +++ +++ +++ +++ +++ 5
Mature sawtimber (MS) — — 0 + + +++ +++ 4
Scrub forest (S) — — − 0 + +++ +++ 3
Low productivity (L) — — − − 0 +++ +++ 2
Nonforest (N) — — — — — 0 + 1
Clearcut (C) — — — — — − 0 0

a +++ = selection for a habitat type P < 0.05;  = selection against a habitat type P < 0.05; + = positive selection, not significant;
− = negative selection, not significant.
b Habitat cover types are further described in table 7.
c Habitat cover types with the same subscript letter (x, y, z) do not differ significantly (P > 0.05).
d Greatest value = highest rank.
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breeding and nonbreeding seasons, a mean of 23 percent of the use areas was
composed of very high and high volume old-growth while 32 percent of the mean
telemetry relocations were in this habitat type (table 9). In contrast, a mean of
14 percent of the combined breeding and nonbreeding season use areas was in
nonforest habitat types, but only 6 percent of the mean telemetry relocations were
in this type. These values, averaged across birds, support the results from the com-
positional analysis.

We interpret these results as indicating a strong pattern for selection of very high
to moderately productive old-growth forest with a combined 58 percent of all habitat
use occurring in these cover types. Mature sawtimber, scrub forest, and low produc-
tive old-growth combined represented 30 percent of all goshawk relocations and
were used relative to their availability within goshawk use areas. A total of 19.5
percent of the radio-telemetry relocations occurred in scrub forest. The GIS-defined
scrub forest habitat cover type contained a variety of vegetative types and some
smaller patches of productive old-growth forest too small to be mapped in GIS.
Visual inspection of goshawk relocation points on aerial photographs indicated that
the point was often in a patch of productive old-growth forest imbedded within a
larger scrub forest polygon. Because of this mapping resolution limitation, data
may overestimate the use of scrub forest and underestimate the use of productive
old-growth forest patches contained therein. Only 9 percent of goshawk relocations
occurred in nonforest and clearcut, and these habitat cover types were avoided
relative to other cover types.

Our analyses did not indicate any differences between adult male and adult female
habitat selection, and seasonal effects could not be detected. The established non-
breeding season was 7 months, and we did not perform a seasonal habitat analysis
during periods of deep mid-winter snowpack that occur periodically across central
and northern southeast Alaska.

Table 9—Goshawk use of various cover types throughout the year
in southeast Alaska

Percent use Percent available
Cover typeb No. mean SDc mean SDc

Very high/high productivity 59 32.2 (18.5) 23.1 (13.9)
Moderate productivity 59 26.4 (12.8) 19.5 (8.2)
Mature sawtimber 59 2.6 (6.8) 1.4 (2.8)
Scrub forest 59 19.5 (13.3) 27.6 (14.1)
Low productivity 59 9.3 (10.7) 6.6 (5.7)
Nonforest 58 5.9 (8.7) 13.9 (14.8)
Clearcut 58 3.7 (9.6) 8.9 (11.5)

a Percent availability is the proportion of each cover
type represented in the MCP use area.
b Cover types are further described in table 7.
c Standard deviation (SD) given in parnetheses.
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We also analyzed goshawk occurrence within five landscape positions (table 7) by
radio-marked goshawks relative to the availability of those landscapes within the
MCP use areas. Based on the five-variable analysis, there was an overall habitat
selection for landscape position by goshawks (MANOVA, P < 0.0001). Patterns of
selection indicated an avoidance of alpine relative to the four remaining features
except the extended beach zone (table 10). Alpine represented only 6 percent of
goshawk habitat use, and alpine represented 10 percent of the available landscape
within use areas (table 11). There were no significant differences among the four
remaining landscape positions (table 10). Riparian zones were the highest ranked
habitat and represented 24 percent of all goshawk relocations, whereas riparian
habitats were only 19 percent of the available habitat in goshawk MCPs (table 11).
Use of the riparian habitat zone may be underestimated because when a goshawk
was relocated in the relatively small area of overlap where a riparian zone intersects
the beach zone, we assigned the relocation to the beach habitat zone. Relative use
of the combined beach and extended beach zones by goshawks (15 percent) was
nearly double its availability as a landscape zone within goshawk MCPs (8 percent),
thereby suggesting a selection for this ecological interface between the terrestrial
and marine environments. Failure to detect a significant relation may by due to
relatively high variability in use of these habitat types (table 11). We did not detect
any effect by season (P = 0.4129) or sex (P = 0. 3460).

Analysis of habitat edge— Fragmentation of forest habitats and the ecological
influence of resulting edge is an issue relative to goshawk conservation and habitat
relations in southeast Alaska (Crocker-Bedford 1993). We recognize that at least
two distinct edge types exist and may differ functionally and structurally relative to
goshawk habitat relations. Natural forest edge represents the ecotone among
productive and nonproductive (scrub) forest lands or between forest and nonforest
lands. Induced edge is primarily the abrupt edge created by clearcut timber harvest
and adjacent old-growth forest. Edge effects on goshawks, if any, may persist until
canopy height of seral conifer stands attains 50 to 75 percent of the adjacent mature
or old-growth forest. Abrupt edges can be created through natural disturbance events
such as catastrophic windthrow (see “The Forest Ecosystem and Its Management,”
above).

Table 10—Ranking matrix of habitat selection by adult goshawks that
tests for within minimum convex polygon (MCP) use area selection
compared with individual radio-telemetry relocations among 5 levels
of landscape position in southeast Alaska a

Landscape positionb c Rx Gx B1x B2xy Ay Rank

Riparian (R) 0 + + + +++ 4
General upland (G) − 0 + + +++ 3
Beach and estuary fringe (B1)d − − 0 + +++ 2
Extended beach fringe (B2)e − − − 0 + 1
Alpine (A)    + 0 0

a +++ = selection for a habitat type P < 0.05;  = selection against a habitat type P < 0.05;
+ = positive selection, not significant; − = negative selection, not significant.
b Landscape positions are further defined in table 7.
c Landscape positions with the same subscript letter (x, y) do not differ significantly (P > 0.05).
d Extends 500 feet inland from shoreline.
e Extends from 500 to 1,000 feet inland from the shoreline.
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We used goshawk telemetry relocation data and systematic points from the GIS grid
database (20-acre pixel resolution) within each goshawk MCP to test the hypothesis
that natural and induced edges have no effect on goshawk habitat use patterns. The
ADF&G (1996) reports that goshawks in southeast Alaska exhibit less selection for
productive old-growth forest that is close to clearcuts than for productive old-growth
forest >600 feet from clearcuts, but the ADF&G was unable to find differences in
selection between productive old-growth forest edges compared with productive old-
growth forest interior patches. They concluded that all ecotones are not structurally
and functionally similar for goshawks. Our analysis includes data collected since that
initial ADF&G analysis (nearly double the goshawk relocation data points) as well as
the earlier data. Forest edge was defined in GIS as the polygon boundary between
productive old-growth forest and unproductive scrub forest or nonforest.

Mean distances to the nearest clearcut edge were compared among goshawk relo-
cation points determined by using radio telemetry and systematically located points
(GIS grid points) within the goshawks MCP use areas. Only goshawks with clearcuts
in their MCP were included in these analyses. Points (relocation or systematic) within
clearcuts were not used, because we were interested in goshawk response to the
old-growth forest immediately adjacent to the clearcut, and not the clearcut habitat
that goshawks avoid (see tables 8, 9).

Point-to-old-growth edge distances were similarly measured but only for points with-
in old growth. Means were compared by using a mixed factor analysis-of-variance
appropriate for unequal sample sizes (SAS Type III; Milliken and Johnson 1984). In
the analysis, point type (location vs systematic), season (breeding vs nonbreeding),
and sex were fixed effects and individual goshawks were random effects with points
nested within goshawk ranges. Because of the unequal sample sizes, sums-of-
squares and degrees-of-freedom were adjusted by using Satterthwaite’s method
prior to conducting tests (Milliken and Johnson 1984). Also, because of skewed
data, point-to-clearcut and point-to-edge distances were transformed to natural
logarithms before analyses. Geometric means (i.e., on the original scale) are
presented.

Table 11—Goshawk use of various landscape positions throughout the
year in southeast Alaska a

Percent use Percent availability
Landscapeb No. mean (SD)c mean (SD)c

General upland 59 54.9 (18.3) 61.4 (14.5)
Riparian 59 24.2 (17.0) 19.4 (7.7)
Beach and estuary fringed 59 9.5 (14.7) 4.6 (6.1)
Extended beach fringee 59 5.3 (7.7) 4.1 (4.9)
Alpine 59 6.1 (10.4) 10.5 (13.3)

a Percent availability is the proportion of each landscape position represented
in the MCP use area.
b Landscape positions are further described in table 7.
c Standard deviation (SD) given in parentheses.
d Extends 500 feet inland from shoreline.
e Extends from 500 to 1,000 feet inland from the shoreline.
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The difference in point-to-clearcut edge distances between goshawk locations and
systematic points varied among seasons and between sexes (season*sex*type
interaction, F1,53=5.24, p=0.026), but, when goshawk and systematic points were
compared separately for each season-sex combination, there were no differences
(table 12, figs. 3-6). Point-to-old-growth edge for goshawk relocations and systematic
points were not affected by season, including interactions (p>0.05); however, point-to-
old-growth edge differences between locations and systematic points were affected
by sex (sex*type interaction, F1,106.7=4.71, p=0.032). In separate analyses for each
sex, no difference in mean point-to-old-growth edge for goshawk locations and sys-
tematic points was found (table 13, figs. 7, 8).

This inability to discern selection for or against edge and interior forest patches or
clearcut edges may result from several factors. Goshawks may not be selecting
for edges or for the interior of large forest patches or clearcut edges. They may
be selecting forested areas based on structure and not location relative to edge.
Alternatively, goshawks may be selecting or avoiding edge, but our analyses, scale
of resolution, and sampling error may preclude our recognizing a pattern. Finally,
a pattern may exist but more samples are needed to discern it.

Pattern of Topographic
Characteristics of
Goshawk Habitat Use

We examined goshawk telemetry relocation data to determine if goshawks differ-
entially select or avoid topographic features across the landscape within their use
areas. The slope, aspect, and elevation of each goshawk relocation point was
identified in GIS to obtain the proportional use of each feature. Availability was
quantified by using systematically located grid points from GIS within the same
goshawk’s MCP use area. Use was compared to availability by using the compo-
sition analysis (Aebischer et al. 1993) described earlier. Elevation was divided into
six classes: 0-500 feet; 501-800 feet; 801-1200 feet; 1201-1500 feet; 1501-2000 feet;
and over 2000 feet. Slope was divided into four classes: 0-35 percent; 36-55 percent;
56-75 percent and over 75 percent. Aspect had five classes—the four cardinal
directions (north, south, east, and west) and level terrain.

Table 12—Mean point-to-clearcut edge distances for goshawks and
systematic points within their minimum convex polygon use areas

Sex Season Point type Mean (geometric) F (df)a pb

Feet

F Breeding Goshawk 1631.5 2.97 (1, 12.2) 0.110
F Breeding Systematic 1656.9
F Nonbreeding Goshawk 2355.1 1.50 (1, 20.0) 0.235
F Nonbreeding Systematic 1810.7
M Breeding Goshawk 2031.3 0.11 (1, 10.8) 0.742
M Breeding Systematic 1965.6
M Nonbreeding Goshawk 2269.6 1.51 (1, 9.6) 0.248
M Nonbreeding Systematic 2504.6

a F statistic, df = degrees of freedom.
b p = probability level.
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Figure 4—Distance to clearcut edge of breeding season relocations of male goshawks and systematic points within the goshawk
minimum convex polygon.

Figure 3—Distance to clearcut edge of breeding season relocations of female goshawks and systematic points within the goshawk
minimum convex polygon.
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Figure 6—Distance to clearcut edge of winter relocations of male goshawks and systematic points within the goshawk minimum
convex polygon.

Figure 5—Distance to clearcut edge of winter relocations of female goshawks and systematic points within the goshawk
minimum convex polygon.
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Table 13—Mean point-to-old-growth edge distances for goshawks
and systematic points within their minimum convex polygon use
areas

Sex Point type Mean (geometric) F (df)a pb

Feet

F Goshawk 281.2 2.12 (1,61.3) 0.151
Systematic 241.4

M Goshawk 215.0 2.79 (1,43.9) 0.102
Systematic 237.5

a F statistic, df = degrees of freedom.
b p = probability level.

Figure 7—Distance to the edge of productive old-growth forest for female goshawk relocations throughout the year and
systematic points within the goshawk minimum convex polygon.
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Figure 8—Distance to the edge of productive old-growth forest of male goshawk relocations throughout the year and systematic
points within the goshawk minimum convex polygon.

Table 14—Relative use and availability of elevation classes within male and female goshawk minimum
convex polygon (MCP) use areas

Male Female

Percent Percent Percent Percent
Elevation class No.a use available Testb No.a use available Testb

Feet Mean (SD)c Mean (SD)c Mean (SD)c Mean (SD)c

0-500 26 40.3 (30.9) 41.2 (26.1) a b 25 57.3 (32.2) 39.9 (26.6) a
501-800 26 13.5 (8.9) 11.5 (5.7) a 25 17.4 (19.2) 14.0 (9.1) b
801-1200 26 13.4 (8.8) 13.0 (5.8) a b 25 12.3 (14.2) 14.1 (6.4) b c
1201-1500 26 7.4 (6.0) 8.2 (4.2) b 25 4.4 6.1) 9.1 (5.3) d
1501-2000 26 12.9 (10.4) 11.4 (8.0) a b 25 4.5 (7.0) 13.2 (10.3) d
>2000 26 12.6 (16.1) 14.8 (16.3) a b 25 4.1 (6.0) 9.7 (10.6) c d

a No. = number of goshawk MCP use area polygons included in the anlaysis.
b Classes with the same letter do not differ significantly (P > 0.05).
c Mean (SD) = mean percent (standard deviation).
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Elevation— Most goshawk relocations occurred in lower elevations. Nearly 54 per-
cent of male and 75 percent of female relocations occurred below 800 feet in ele-
vation (table 14), but use of each elevation interval by each sex closely approx-
imated the relative availability. Relative use of elevation intervals differed between
sexes (P = 0.047). Females had a stronger pattern of selection for lower elevation
classes than did males (table 14). Males generally used all elevation classes relative
to availability, possibly due to extensive foraging movements necessary to supply
food during the nesting period to nestlings and the adult female. There was no
seasonal effect (breeding versus nonbreeding) among females (P = 0.9461) or
males (P = 0.5110).

Slope— Most relocation points (70 percent) were on slopes of less than 35 percent
(table 15), and use of this slope class was not different relative to availability from
the 0- to 35- and 56- to 75-percent classes. The three more gentle slope classes
were not significantly different in use compared to availability among the classes. The
association with gentle slopes could be related to the goshawk’s association with
productive old-growth forests. Steeper slopes often have thinner soils and are sub-
ject to avalanches, resulting in many stands of smaller, scrubby trees that may be
classified as unproductive scrub forest in the GIS. There was no seasonal (breeding
vs nonbreeding) effect (P = 0.3811) or sex effect ( P = 0.7013). Few relocations were
obtained on slopes over 75 percent (2.3 percent), yet this slope class is a relatively
rare feature across the landscape and represents less than 1 percent of goshawk
use areas.

Aspect— Goshawk use relative to availability of aspects classes within their use
areas differed (MANOVA P < 0.0001); east was selected over north and south but
not west. Level terrain was the least used aspect (1.8 percent) and selected less
(P < 0.05) than all other categories (table 16). Level terrain is generally characterized
by poorly drained and deep organic soils with generally lower forest site productivity
(see “The Forest Ecosystem and Its Management” above). Eastern exposures had
the greatest absolute use (28 percent), but the overall differences among the four
cardinal directions were relatively minor. Thus, while differences in aspect use could
be detected statistically, the biological significance remains uncertain given the small
magnitude of difference in use among all aspects (e.g., all within 7 percent).

Table 15—Relative use and availability of 4 slope classes within
goshawk minimum convex polygon (MCP) use areas

Slope class No.a Percent use Percent available Testb

Percent Mean (SD)c Mean (SD)c

0-35 58 70.3 (24.9) 65.1 (20.6) a b
36-55 58 20.3 (16.6) 30.2 (16.4) b c
56-75 58 7.1 (8.9) 4.6 (5.1) a b
>75 58 2.3 (5.0) 0.1 (0.3) a

a No. = number of goshawk MCP use area polygons included in the anlaysis.
b Classes with the same letter do not differ significantly (P > 0.05).
c Mean (SD) = mean percent (standard deviation).
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Distance to beach— We further examined the relation between goshawk habitat
use and the beach fringe zone because use of these areas by goshawks generally
exceeded the availability of this landscape region (tables 10, 11). Mean point-to-
beach distances were compared between goshawk telemetry relocations and
systematically located points within the goshawks MCP use area. Only goshawks
with beach in their MCP were included in this analysis. Means were compared by
using a mixed-factor analysis of variance appropriate for unequal sample sizes
(SAS Type III; Milliken and Johnson 1984). In the analysis, point type (location vs
systematic), season (breeding vs nonbreeding), and sex were fixed effects, and
individual goshawks were random effects with points nested within goshawk ranges.
Because of unequal sample sizes, sums-of-squares and degrees-of-freedom were
adjusted by using Satterthwaite’s method before conducting tests (Milliken and
Johnson 1984). Point-to-beach data were analyzed untransformed and, because
of a skewed data set, transformed to natural logarithms.

Results of the analyses for transformed and untransformed data were comparable;
only those for the original data are presented. Point-to-beach distances did not differ
by season or any interaction terms involving season (p>0.10). Point-to-beach dis-
tances differed by point type (F1,42.8=5.40, p=0.025), and there was a type-by-sex
interaction (F1,42.7=5.50, p=0.024) indicating that male and female goshawks were
not equally distant from the beach in relation to systematic points in their home
ranges. There also were strong individual patterns within the sex classes (p<0.001).
In separate analyses for each sex, relocations of female goshawks were closer to the

Table 16—Relative use and availability of aspects within
goshawk minimum convex polygon (MCP) use areas

Aspect No.a Percent use Percent available Testb

Mean (SD)c Mean (SD)c

East 59 28.4 (15.1) 25.7 (8.5) a
South 59 21.2 (15.7) 22.5 (9.1) b
West 59 26.6 (16.0) 24.7 (7.4) a b
North 59 22.2 (14.8) 24.4 (9.4) b
Level 59 1.8 (3.3) 2.8 (4.4) c

a No. = number of goshawk MCP use area polygons included in the anlaysis.
b Classes with the same letter do not differ significantly (P > 0.05).
c Mean (SD) = mean percent (standard deviation).
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beach than were systematic points (F1,22.3=6.910, p=0.015) (fig. 9) but there was no
difference for males (F1,24.1=0.001, p=0.980) (fig. 10) (table 17). Nearly 21 percent of
all female relocations and 18 percent of all male goshawk relocations throughout the
year occurred within the first 1000 feet from the shoreline. This ecological interface
between the marine and terrestrial environment likely supports a greater diversity or
abundance of goshawk prey species.

Nest Area Habitat
Associations

For birds of prey, nesting areas often differ from the surrounding landscape and are
not randomly placed even within otherwise suitable habitat (Newton 1979, Janes
1985). The nesting habitat associations of forest hawks (Accipitridae spp.) are dif-
ficult to understand because these species have broad distributions and are capable
of building nests in many types of forest situations, and their selection of certain nest
areas is less obvious. Nest site habitat selection by forest hawks may take place at
various scales, from the selection of a tree that has the proper limb geometry for
constructing a nest, to the selection of a watershed that provides suitable foraging
habitat and adequate prey. Many studies have evaluated the nesting habitat of
northern goshawks at the scale of the nest tree and adjacent habitat (e.g., 1 to
20 acres).

Figure 9—Distance inland from the shoreline for female goshawk relocations throughout the year and for systematic points
within the goshawk minimum convex polygon.
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Our objective was to determine whether goshawks in southeast Alaska select spe-
cific forest stands or habitat cover types for nesting that differ from nearby forested
habitats. Goshawk nesting habitat was examined at two scales, 30 and 160 acres
surrounding the nest tree, to evaluate whether habitat cover types and location
relative to landscape features differed from other nearby forested habitats. Habitat
attributes at known goshawk nest locations from southeast Alaska were measured
within a 30- and 160-acre plot centered on the nest by analyzing color and black-
and-white aerial photographs at scales ranging from 1:15,000 to 1:22,000. A random
plot paired with the nest tree plot was selected by moving, in a randomly selected
cardinal direction, ~4.5 inches on the aerial photograph from the center of each
nest plot. All random points were centered in productive old-growth forest. Variables
(tables 18 and 19) were measured by an experienced aerial photograph interpreter
who had no prior knowledge of goshawk nests or nesting habitat. Forest stand

Figure 10—Distance inland from the shoreline for male goshawk relocations throughout the year and for systematic points within
the goshawk minimum convex polygon.

Table 17—Mean point-to-beach distances (in feet)
for goshawks and systematic points within their
minimum convex polygon use area

Sex Point type Mean Standard deviation

− − − − − − Feet − − − − − −

F Goshawk 7056 7819
Systematic 9679 8733

M Goshawk 8009 7994
Systematic 8154 7643
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openings <3 acres were not counted in the forest cover typing because most Forest
Service timber typing does not consider small openings. Most clearcuts were con-
sidered as nonforest land except where trees were large and well established (about
30 years of age). Depending on the scale of the photo imagery, from seven to nine
subplots were chosen in the 30-acre plot to estimate canopy structure, canopy clo-
sure, and species composition. Canopy or crown closure was determined by com-
paring photo observations with crown density scales graduated in 10-percent classes
and interpolated to the nearest 5 percent. Species composition was expressed as a
percentage of hemlock. Canopy structure was characterized as being either single
story or multistory. Canopy texture was estimated as coarse, medium, or fine. Ripar-
ian areas were estimated by applying a 300-foot buffer on class 1 (anadromous fish)
and class 2 (resident fish only) streams to both stream banks and calculating the
area by using a dot grid. Only perennial streams readily visible on aerial photos
were included in this analysis. Wilcoxon-matched pairs sign tests and accompanying
Z-statistics and P-values were used to evaluate differences in distributions between
random samples and goshawk nest sites. Additional methodological details are
provided in ADF&G (1996).

Table 18—Habitat cover type of areas surrounding 39 goshawk nest sites a and paired random plots as
determined by analysis of aerial photographs, Tongass NF

Nest sites Random sites

Variableb Mean SDc Range Mean SDc Range P-valued

− − − − − − − − Acres − − − − − − − − − − − − − − − Acres − − − − − − −

30-acre plots:
Nonforest 0.70 1.10 0-4.3 2.50 3.8 0-14.0 0.002
Forest 29.30 1.10 25.7-30.0 27.10 4.1 16.0-30.0 0.001
Productive forest 26.10 4.50 13.6-30.0 23.40 6.9 5.8-30.0 0.006
Scrub forest 3.50 4.20 0-16.4 3.70 5.8 0-24.2 0.659
Riparian 1.50 3.10 0-13.7 1.60 2.6 0-8.8 0.833
Beach1 0.02 0.13 0-0.8 0.46 2.6 0-16.0 0.285
Fresh water 0 — — 0.14 0.7 0-3.9 0.180
Salt water 0 — — 0.20 1.1 0-7.1 0.180

160-acre plots: — 
Nonforest 7.00 8.90 0-39.9 14.70 16.0 0-58.1 0.010
Forest 149.40 11.60 104.6-160.0 141.30 19.7 82-160.0 0.108
Productive forest 128.10 27.50 47.9-160.0 119.40 38.0 10-160.0 0.192
Scrub forest 21.40 24.80 0-104.5 20.40 27.1 0-119.1 0.827
Riparian 10.40 9.40 0-36.1 10.40 10.1 0-50.4 0.777
Beach1 4.00 11.20 0-155.4 3.20 9.7 0-44.7 0.779
Fresh water 1.20 3.60 0-14.2 1.60 7.6 0-44.2 0.753
Salt water 2.40 7.40 0-29.6 2.40 10.1 0-58.8 0.866

a The 39 nest sites occur in 29 nesting areas.
b Habitat cover types are further described in table 7.
c SD = standard deviation.
d P-value based on Wilcoxon matched-pairs signed-ranks test.
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The analyses included 39 goshawk nests: 14 in the Chatham, 16 in the Stikine, and
9 in the Ketchikan Administrative Areas of the Tongass NF. Eighty-seven percent of
the 39 goshawk nest trees were in productive old-growth forest stands, 2 nests oc-
curring in one nesting area were in mature sawtimber, and 3 nests at two nesting
areas were in forest stands with a mixture of productive old-growth and second-
growth trees. Goshawk nests in southeast Alaska were mainly identified as a result
of searches associated with timber management planning. Of 25 nests (in 22 nest
areas) reported by Titus et al. (1994), 83 percent occurred in productive old-growth
forest and 17 percent occurred in mature sawtimber, which was over 90 years old
and contained some residual old-growth forest structure.

Habitat cover types— Forest cover (98 and 87 percent) and to a lesser extent
productive old-growth forest (93 and 80 percent), dominated the area in the 30-
and 160-acre plots surrounding goshawk nests, respectively (table 18). There was
less variation in the amount of forested area in nest plots of both 30 and 160 acres
than in random plots, thereby indicating that few large openings occurred near gos-
hawk nests. Beach and riparian cover types occurred in relatively small amounts
in both 30-acre and 160-acre plots (table 18).

Table 19—Lengths of ecotones and linear features within 39 goshawk nest sites a and paired random
plots as determined by analysis of aerial photographs, Tongass NF

Nest sites Random sites

Variable length Mean SDb Range Mean SDb Range P-valuec

− − − − − − − Feet − − − − − − − − − − − − − − Feet − − − − − − −

30-acre plots:
Forest-nonforest edge 400 884 0-4,488 667 872 0-2,957 0.014
Freshwater shoreline 45 162 0-762 39 169 0-760 0.715
Saltwater shoreline 29 12 0-75 36 179 0-1,080 0.285
Stream 339 680 0-2,976 341 556 0-1,920 0.909
Road 53 188 0-794 53 242 0-1,361 0.893
Trail 48 216 0-1,188 39 183 0-1,056 0.593

160-acre plots:
Forest-nonforest edge 2,674 2,957 0-11,672 3,687 2,670 0-10,428 0.026
Freshwater shoreline 417 1,305 0-5,143 177 634 0-2,661 0.249
Saltwater shoreline 305 960 0-4,338 289 880 0-4,139 0.866
Stream 2,336 2,017 0-7,855 2,066 1,660 0-6,336 0.913
Road 359 876 0-2,956 228 793 0-3,770 0.575
Trail 245 718 0-2,772 229 751 0-2,945 0.892

a The 39 nest sites occur in 29 nesting areas.
b SD = standard deviation.
c P-value based on Wilcoxon matched-pairs signed-ranks test.
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There was a greater amount (7.3 percent) of forest area associated with goshawk
nest plots than with 30-acre random plots centered on forest (table 18). Mean
difference in forested area between nest site versus random plots was 2.2 acres.
There also was less variability in the amount of forest area surrounding goshawk
nest areas than forested random samples. No goshawk nest site had < 25 acres
of forest in the 30-acre plot. The amount of productive old-growth forest land area
in the 30-acre plot was significantly higher (2.7 acres or 9 percent) at goshawk
nests than a nearby random sample centered on forest (table 18).

At the 160-acre scale, there was no difference in the amount of forest area sur-
rounding goshawk nests versus nearby random samples (table 18). The lack of
statistical differences found in the sampling of the 160-acre plots may have been
due to a decrease in power associated with higher variability. For example, the
coefficient of variation (CV) of area of forest lands for the nest site data increased
from 3.7 to 7.8 percent between the 30-acre and 160-acre plots.

Habitat cover types examined may not be directly comparable to other goshawk nest
site habitat studies. Those studies used direct measurements of trees and forest
stands rather than land cover attributes encompassing a larger area surrounding the
nest (e.g., Moore and Henny 1983, Hayward and Escano 1989). In addition, most
of these studies did not sample available habitat or make inferences about habitat
selection. Falk (1990) used aerial photography to evaluate nest site habitat selection
by goshawks within paired 200-acre nest site random plots. She found that goshawks
avoided forest openings and that nests were associated with unbroken forest tracts
compared with availability. Results from southeast Alaska support the hypothesis that
goshawks nest in areas containing more forest when compared with the landscape
in general. Yet some Tongass NF goshawk nests are near natural forest openings,
perhaps the result of the heterogeneous and patchy forest stands that occur in
some portions of the Forest.

Land cover border lengths— Border lengths were considered as indices of cover
type heterogeneity. At both the 30- and 160-acre plots, less forest to nonforest edge
was measured at goshawk nesting areas compared to random samples (table 19).
This likely occurred because of the lack of other habitat cover types at goshawk nest
plots. Hence, low cover type heterogeneity was found at goshawk nests compared
with randomly selected forested areas. There was no difference in other ecotone
variables measured between goshawk nests and randomly selected forest plots
(table 19).

Distances to land cover features— No differences were found in the distance
from the goshawk nest or plot center to land cover features (e.g., shoreline, roads,
trails, and streams) between goshawk nests and random samples (table 20). These
results are in contrast to Bosakowski and Speiser (1994) and Falk (1990), who found
goshawks nesting farther from forest openings, paved roads, and human habitation
than from random samples of forested habitat.
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Canopy cover and forest composition— Percentage of canopy closure was higher
(P = 0.06, Wilcoxon matched-pairs sign-ranked test) in the 30-acre area surrounding
goshawk nests (49.6 percent) than in randomly selected forest areas (42.9 percent).
Although the canopy cover difference was only 6.7 percent, the analysis was a nar-
row comparison of forest canopy at and away from goshawk nests. We would not
expect great differences in forest canopy cover between goshawk nesting areas
and random forested samples unless goshawks were selecting rare features of the
habitat that did not occur elsewhere. There is high variability in forested canopy
cover across the Tongass NF with goshawks using areas with slightly more cover.
The mean percentage of canopy cover value of 50 percent in southeast Alaska was
lower than that reported in the literature for this species, which generally ranges from
60 to 95 percent (see “Review of Northern Goshawk Ecology in North America”).
In nearly all other studies, however, canopy cover was determined differently from
how we estimated it in our study, which evaluated canopy cover across 30 acres
and used subsamples and aerial photography. Selection for dense canopy may
be more important in warmer climates where denser canopies may provide cooler
microclimates for nesting goshawks (Hall 1984, Crocker-Bedford and Chaney 1988,
Reynolds et al. 1992).

There was significantly (P = 0.03, Wilcoxon matched-pairs signed-ranks test) more
hemlock at goshawk nest sites (81 percent) than paired random sites (75 percent).
The difference may have come from goshawk nesting areas being associated with
productive old-growth forest and hemlock-spruce cover types, whereas some ran-
dom samples may have contained a greater component of cedar or spruce only.

Forest stands with multistory canopies occurred in 89 percent of the goshawk nest
sites compared to only 84 percent of the random samples. Only 1 of 39 goshawk
nesting areas had the majority of nine subsamples defined as a single-canopy
layer, thereby supporting the hypothesis that goshawks generally nest in stands
with complex structure associated with multiple canopy layers.

Table 20—Distances of goshawk nests or random plot centers to the nearest land cover feature as
determined by analysis of aerial photographs, Tongass NF

Nest site Random site

Feature No.a Mean SDb Range No.a Mean SDb Range P-valuec

– – – – – – Feet – – – – – – – – – – – – Feet – – – – – –

Forest-nonforest edge 39 1,177 1,190 62-5,984 38 887 1,215 56-7,480 0.230
Freshwater shoreline 30 5,902 4,269 479-16,368 30 6,047 4,389 302-17,952 0.705
Saltwater shoreline 39 11,066 4,269 600-29,040 36 11,258 8,586 352-29,040 0.480
Stream 39 917 528 150-2,426 39 984 798 54-3,184 0.965
Road 28 5,850 7,324 227-36,960 29 5,781 4,247 0-17,952 0.118
Trail 9 5,885 11,824 264-36,960 11 1,932 2,355 0-7,920 0.398
Forest opening 29 4,510 3,143 1161-11,300 28 5,017 4,175 0-13,800 0.409

a No. = number of nest sites included in the of the feature.
b SD = standard deviation.
c P-value based on Wilcoxon matched-pairs signed-ranks test.
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Based on the aerial photograph interpretations, 30-acre areas surrounding goshawk
nests were, on average, composed of 56 percent medium-grained canopy texture,
24 percent fine-grained canopy texture, 19 percent coarse-grained canopy texture,
and 1 percent nonforested. Comparable areas surrounding randomly selected points
were composed of 49 percent medium-grained canopy texture, 25 percent fine-
grained canopy texture, 17 percent coarse-grained canopy texture, and 9 percent
nonforest. Canopy texture may be associated with tree size and canopy heterog-
eneity. Coarse-grained canopies contain large trees and higher volume old-growth,
and medium- and fine-grained canopy textures are either lower volume or younger
even-aged stands. In relation to the variation among sample plots, differences
between nest plots and random plots were small. The CVs for the average per-
centage of medium-grained canopy texture was 31 percent for nest plots and
45 percent for random plots.

Only minor differences were detected between goshawk nest sites and random 30-
and 160-acre forested sites. These differences were not insignificant, however, given
that random sites were constrained to productive old-growth forest. Thus, even when
comparing two productive old-growth forest stands, we concluded that goshawks are
selecting nesting habitat with specific features. Goshawks select nest sites with a
greater proportion of forest cover and productive old-growth forest in the immediate
30-acre nesting area compared to random forest areas and accordingly the forest-
nonforest edge was smaller in nest areas. Nesting habitat was generally far from the
shoreline (an average of nearly 2 miles), lakes (1 mile), and streams (900 feet).

Landscape Patterns
in Vegetation Cover
Around Known
Goshawk Nests

Field data on habitat use by goshawks in southeast Alaska fit into several broad
categories. Point locations of radio-marked birds and nest locations represent two
forms of data. Radio telemetry provides an opportunity to estimate the pattern of
habitat use by goshawks around their nests and in wintering areas. Logistical
problems in obtaining an adequate sample and problems in translating the point
samples to estimates of utilization distributions constrain the analyses, however.
In contrast, nesting habitat can be identified without the aid of radio telemetry, and
the sample of nest sites represents more individual birds than can be obtained to
estimate foraging habitat use.

In the case of known nest locations, the functional use of the site is apparent;
goshawks produce and rear their young at the site. Choice of the nest site, at scale
of the stand, may be driven by features influencing the probability of predation, the
thermal environment for the incubating female, the thermal environment for the
young, the ease of access to the nest for prey delivery, and the ease of relocating
the nest by the adults (e.g., when the male makes prey deliveries). The choice of
nest sites also may be driven by characteristics of the surrounding area at a variety
of scales (e.g., Sherry and Holmes 1985).

The pattern of habitat surrounding the nest at the scale of hundreds to thousands
of acres also may influence the likelihood of predation for adults and young, the
thermal environment of the nest, and the availability of prey for the adults and
young. Kennedy et al. (1994) drew attention to the potential influence of a large
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postfledging area (PFA) around the nest on the success of nesting goshawks.
Reynolds et al. (1992:13-14) identified a PFA of 300 to 600 acres around the
active nest as an important consideration in managing goshawks in the South-
western United States. Reynolds et al. (1992) implied that forest conditions in the
PFA influence goshawk nesting success.

The importance of a 300- to 600-acre area around the nest for goshawks in south-
east Alaska is largely undetermined. We therefore examined whether goshawk nests
occurred in sites with unique vegetation characteristics at a scale similar to the PFA
(Kennedy et al. 1994). Specifically, we tested the null hypothesis that composition
of cover types in a circular area corresponding to an area equivalent to the PFA
was similar to a random 600-acre circle or to a larger, concentric circle corresponding
approximately to the area of the median goshawk MCP for southeast Alaska (10,000
acres). This comparison used a sample of known goshawk nest sites in southeast
Alaska to test whether goshawk nests occur in particular 600-acre portions of the
landscape relative to the land available within a 10,000-acre circle around the nest.

Sample of nest sites— A total of 34 goshawk nest areas located in southeast Alaska
were included in this analysis.9 Some areas contained several alternate nests, but
the analysis was centered over the most recently active nest. Nests located on non-
Federal lands (n = 3) with incomplete cover type resource inventories were not in-
cluded in the analysis. These 34 nest sites represent an ad hoc sample of nest
locations from southeast Alaska. Biologists located nests through various methods
but did not use a formal sampling scheme to extract a sample from a definable
sampling frame or parent population. Many sites were located during nest searches
and management activities associated with timber sales. Some nest locations came
from reports of goshawk defense behavior provided by persons using recreational
trails near centers of human activity. Still other locations resulted from surveys tar-
geted to search for goshawk nests, or from locations of radio-marked goshawks
captured the previous year at a different nest site (Titus et al. 1994).

Habitat characterization— Habitat around goshawk nests was characterized by the
proportion of the seven vegetation habitat cover types (see table 7) in the vicinity
based on the Tongass NF GIS database. Based on this classification, the number
of acres of each cover type was determined for 600- and 10,000-acre circular plots
centered around each nest. These two geographic scales are referred to as the
600-acre fledging area and the 10,000-acre use area. Because salt water occurs
near some goshawk nests, the proportion of the environment occupied by each
cover type was determined by dividing the acreage of the habitat cover type by the
area of the circular plot, minus salt water. The Tongass GIS database uses a mini-
mum mapping unit (pixel) of 20 acres, which limits the resolution of the analysis. The
600-acre area around the nest chosen as the focus for this analysis corresponds to
the PFA and represents a scale effectively characterized by the GIS data.

9 Slight differences in nest area samples for different
analyses resulted from minor changes in criteria (see
table 4).
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The composition of seven cover types (very high/high productivity, moderate pro-
ductivity, low productivity, scrub forest, mature sawtimber, clearcut, nonforest) was
compared between 600-acre circles surrounding a goshawk nest and a randomly
located 600-acre circle by using the composition analysis method of Aebischer et al.
(1993) described earlier. Similar analyses compared the composition of the 600-acre
nest circle to the 10,000-acre use-area circle, also centered on the nest (table 21).

There were no differences (P=0.631) in the percentages of the seven habitat types
in the 600-acre nest area and random 600-acre circles. Habitat cover types within
the 600 acres around goshawk nests did differ, however, from cover types within the
10,000-acre circle centered over the same nests (P < 0.001). There was a greater
amount of VH/H, M, and L cover types in the 600-acre circle relative to the larger
10,000-acre scale, which suggests a nonrandom selection for greater amounts of
very high, high, and moderately productive old-growth forests in the immediate
vicinity of the nest stand (table 21). There was also a relatively large component
of unproductive forest in both the 600-acre nest circle (27 percent) and in the 10,000-
acre circle (30 percent) (table 21) that may result from the naturally heterogeneous
character of the conifer forests in southeast Alaska. The proportion of clearcut and
nonforest in the 600-acre circle was less than was available in the 10,000-acre use
area and were cover types avoided by goshawks (table 21). The amount of mature
sawtimber in the 600-acre circle (2.7 percent) was nearly three times greater than its
availability (0.9 percent) (table 21). Mature sawtimber is a relatively rare cover type,
but these data suggest that it may be selected as nesting habitat cover type relative
to low volume old-growth, clearcut, and nonforest cover types.

The distribution of seven habitat cover types at two geographic scales illustrates the
degree of variation in habitat among goshawk nest sites. The proportion of productive
old-growth forest (sum of very high + high + moderate + low) in the 600-acre circle
averaged 59 percent (range 16 to 96 percent). The amount of productive old-growth
in the 10,000-acre use area averaged 50 percent (range 22 to 89 percent). The pro-
portion of clearcut ranged from 0 to 53 percent for both the 600- and 10,000-acre
areas.

Table 21—Composition of habitat cover types in 600-acre circles as an estimate of use relative
to the composition of cover types in 10,000-acre circles as an estimate of habitat availability a

600-acre circle 10,000-acre circle

Habitat cover typeb No.c Mean SDd Range Mean SDd Range Teste

Very high/high productivity 34 24.0 19.2 0-82.7 21.8 13.4 3.8-58.9 a b
Moderate productivity 34 24.3 15.0 3.1-66.7 19.9 7.5 8.4-36.5 a
Low productivity 34 10.7 11.3 0-41.4 8.5 6.5 0-23.6 b
Scrub forest 34 27.3 17.9 0-65.5 30.0 16.7 6.6-68.5 a b
Mature sawtimber 34 2.7 8.3 0-36.3 0.9 2.4 0-12.4 a b
Clearcut 34 6.6 11.2 0-53.2 9.9 13.2 0-53.3 c
Nonforest 34 4.4 8.0 0-30.0 9.0 12.0 0.1-48.5 c

a Circles are centered on nests.
b Habitat cover types are further described in table 7.
c No. = number of nest sites included in the analysis.
d SD = standard deviation.
e Cover types with the same letters do not differ significantly (P > 0.05) in
a test of use (600-acre circle) vs. availability (10,000-acre circle).

55

603_0150 



The magnitude of the mean difference in abundance of particular habitat cover types
between 600- and 10,000-acre circles was generally small despite statistical signi-
ficance. For a majority of cover types, the mean difference in abundance was less
than 4 percent. These analyses demonstrate, however, that productive old-growth
lands were more common near goshawk nests than in the larger use area and
goshawks nest sites are not a random subsample of the landscape.

The interpretation of results must consider the characteristics of the sample used in
the analyses. The goshawk nests available for analysis represent a potentially biased
sample of nests relative to the entire southeast Alaska geographic area. The sample
reflects the difficulty biologists encounter in locating goshawk nests, especially an
unbiased sample of nests. Patterns observed in these data thus apply specifically
to the particular sample obtained. The relation between patterns associated with
these nests and patterns of all goshawks throughout southeast Alaska cannot be
determined.

Despite the potentially biased sample, the data define the minimum degree of vari-
ation around goshawk nests in southeast Alaska. The data also illustrate patterns
from a 34-nest sample in the region. As such, these analyses provide valuable
insights to local conditions not available from existing literature on goshawk nesting
habitat.

To test hypotheses of whether goshawk nests occur in particular landscape con-
ditions, the nature of the test performed and the observational nature of the sample
must be considered. A significant difference in habitat between the 600 acres around
the nests and a larger 10,000-acre plot does not confirm that goshawks choose nests
based on differences in vegetation within 600 acres of the nest, because selection of
some other habitat feature correlated with vegetation cover could be involved. Con-
versely, failure to detect a pattern does not indicate the absence of one; the test may
lack sufficient power to detect significant differences.

Goshawk Survival Rates Survival rates of adult goshawks in southeast Alaska were estimated by using in-
formation from goshawks radio marked to study habitat use and movements (Titus
et al. 1994). The ADF&G (1996) provides a detailed description of methodology and
assumptions used to estimate survival rates. Annual survival rates were estimated
for goshawks across southeast Alaska by using the staggered-entry Kaplan-Meier
estimator (Pollock et al. 1989). Data were partitioned into monthly periods and for
each goshawk; the month when a bird entered the analysis and the fate of the
individual through the analysis period were determined. A total of 39 radio-marked
adult goshawks were monitored during the analysis period that began in July 1992
and ended in August 1996. Data for males and females were pooled because of
small sample sizes. Three possible fates were dead, survived, or censored. Gos-
hawks were considered censored when their fate was unknown, when they lost
transmitters and were subsequently recaptured and fitted with a new radio tag, or
were not found for over 2 months but subsequently relocated. They were classed
as survived from the time of recapture or relocation.
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Thirteen goshawks became censored, and their fates were unknown. Nine adult
female goshawks and six adult male goshawks were monitored for > 12 months. On
three occasions, adult goshawks became censored and disappeared during winter
but were relocated the next spring. Three years of data were pooled into a 1-year
period beginning in June (table 22). This increased the number of adult goshawks at
risk in any given month and allowed monthly and confidence interval estimations to
be made with larger sample sizes than were possible with multiyear analyses. A total
of 466 “at-risk months” were available for an estimated annual survival rate of 0.72
(95-percent CI = 0.56-0.88) (fig. 11), given the 11 birds that died during the study.
Our results are not readily comparable to other studies because there have been
few studies of goshawk survival (DeStefano et al. 1994b).

Patterns in Habitat Use
of Principal Goshawk
Prey in Southeast Alaska

Habitat associations of principal prey species are important elements in understanding
goshawk habitat use patterns (Reynolds et al. 1992). A list of 10 important northern
goshawk prey species or species groups was developed based on data from Titus et
al. (1994). Each species or species group occurred in prey remains collected at > 2
of 15 northern goshawk nests in southeast Alaska (table 23). Knowledge is limited on
the importance of individual prey species to northern goshawks in southeast Alaska.
Titus et al. (1994) suggest some limitations to their data:

1. The amount of a given prey species at a nest could not be determined, only its
presence.

2. Prey remains were identified by gross characteristics and were not microscopically
examined.

3. Prey remains of more colorful species (such as Steller’s jay, Cyanocitta stelleri)
have a higher probability of being found and identified than the remains of drab
species (for instance, murrelets−Alcidae species).

Table 22—Pooled monthly Kaplan-Meier survival estimates for radio-tagged goshawks, Tongass NF,
1992-96

No. at No. of No. No. Survival Lower Upper
Month risk deaths censored added ratea Variance CLa CLa

June 28 0 0 13 1.00 0.0000 1.00 1.00
July 43 0 0 25 1.00 0.0000 1.00 1.00
August 55 0 0 2 1.00 0.0000 1.00 1.00
September 53 0 0 0 1.00 0.0000 1.00 1.00
October 46 2 2 0 0.96 0.0009 0.90 1.01
November 41 1 1 0 0.93 0.0014 0.86 1.01
December 38 0 0 1 0.93 0.0015 0.86 1.01
January 37 0 0 0 0.93 0.0016 0.86 1.01
February 37 1 1 0 0.91 0.0021 0.82 1.00
March 35 2 4 2 0.86 0.0030 0.75 0.97
April 31 5 5 1 0.72 0.0047 0.58 0.85
May 22 0 0 0 0.72 0.0066 0.56 0.88

Total 466 11 13 44

a The cumulative survival probability from each June (see text).
b CL = 95-percent confidence limit.
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4. Prey remains were collected only at nest sites and only during the breeding
season. Mammals may be underrepresented in prey remains (Boal and Mannan
1994). Furthermore, the importance of particular prey species may not be reflected
in their frequency of occurrence. Comparison of prey body mass and relative abun-
dance also may be useful for determining the relative importance of prey species
(table 23).

5. Some prey items occur only on some islands and this may confound preference
with the geographical availability of prey items.

Knowledge regarding the ecology of northern goshawk prey in southeast Alaska
is also relatively limited. Quantified cover type associations, forest structure asso-
ciations, and density estimates do not exist for most of these species. The impor-
tance of habitat edge for these species also is mostly unknown. The northwestern
crow (Corvus caurinus) inhabits the beach zone and might be considered an edge
species. Steller’s jays tend to be denser along edges but also occur in interior
habitats (Rosenburg and Raphael 1986). In studies outside southeast Alaska,
some prey used forest interior habitat more than forest edges: sharp-shinned hawk
(Accipiter striatus), blue grouse (Dendragapus obscurus), ruffed grouse (Bonasa
umbellus) (Rosenburg and Raphael 1986), and varied thrush (Ixoreus naevius).
Other species may attain their highest densities in larger forest stands: red
squirrels (Tamiasciurus hudsonicus) in stands > 30 acres, red breasted sap-
suckers (Sphyrapicus ruber) in stands > 250 acres, hairy woodpeckers (Picoides
villosus) in stands > 500 acres, and marbled murrelets in stands > 600 acres
(USDA Forest Service 1991).

Figure 11—Pooled annual survival rates of adult goshawks, Tongass National Forest, 1992-96.
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Little is known about geographic variation in population density for these species
within southeast Alaska. Red squirrels are not found on Prince of Wales Island
or the islands west of Prince of Wales (MacDonald and Cook 1994). Although
grouse are found throughout southeast Alaska, the larger blue grouse is absent
from Prince of Wales Island and associated islands; the smaller spruce grouse
(Canachites canadensis) occurs there but not on the islands to the north.

There is seasonal variation in the abundance of some prey species (table 23).
Yellowlegs (Tringa sp.) and sharp-shinned hawks are absent or nearly absent
from southeast Alaska during winter. Steller’s jays, varied thrushes, and wood-
peckers are common or very common during summer but rare or uncommon
during winter.

All seven species or species groups, which were found at 20 percent of north-
ern goshawk nests, primarily use forested habitats (table 24). One of the other
principal prey species, the northwestern crow, inhabits mostly beach fringe hab-
itats, especially the edge of old-growth forests. Steller’s jay, grouse, varied thrush,
red squirrel, and woodpeckers appear to be the most important prey species during
the breeding season. Each occurred in 40 percent of the nest site prey examin-
ations, are abundant in southeast Alaska, and are associated primarily with forested
habitats (tables 23, 24). Thrushes migrate south for most of the winter, and most jays
and woodpeckers appear to leave southeast Alaska (table 23); so Alcidae species,
ptarmigan (Lagopus sp.), northwestern crow, and other species groups may become
more important during winter. In general, the distribution of “H’s” in table 24 (highest
use of cover type) for principal prey species corresponds to productive old-growth
forest, especially for the most important prey species. This distribution also is con-
sistent with the selection for productive old-growth forests by radio-marked goshawks.

≥

≥

Table 23—Goshawk prey occurrence obtained from a sample of 15 goshawk
nests

Nests Body
Relative abundance in key habitats

Species (15) mass Summer Winter

Percent Ounces

Steller’s jay 100 4-5 Common Uncommon
Grouse species 73 18-46 Common Common
Varied thrush 60 3-4 Very common Rare
Red squirrel 47 7-8 Common Common
Woodpecker species 40 2-3 Common Uncommon
Sharp-shinned hawk 27 3-8 Very uncommon Absent
Alcidae species 20 5-6 Common Common
Yellowlegs species 13 10-25 Uncommon Absent
Ptarmigan species 13 11-25 Uncommon Uncommon
Northwestern crow 13 11-18 Common Common

Source: Titus et al. 1994.
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Goshawk Relations With
Other Predators

In addition to goshawks, other large raptors that occur in southeast Alaska include
the peregrine falcon (Falco peregrinus), bald eagle (Haliaeetus leucocephalus), red-
tailed hawk, and great horned owl. There are probably 100 to 200 pairs of peregrine
falcons in southeast Alaska (Ambrose et al. 1988), but they occur primarily on the
outer coast facing the open Pacific Ocean and likely have little interaction with gos-
hawks. The bald eagle population in southeast Alaska is estimated to be 13,340
(Jacobson and Hodges 1993) and may exclude goshawks from some coastal areas.
Goshawk nest site records show only limited use of beach areas. This may be due
to competition or direct aggression by bald eagles.

Red-tailed hawks occur sporadically across the Tongass NF and are associated
mainly with open habitats, such as low-elevation scrub forests and early succes-
sional stages after timber harvest. Great horned owls occur widely throughout the
forests of southeast Alaska but are thought to be rarer on the islands than in main-
land forests, perhaps due to more abundant mammalian prey on the mainland. Both
red-tailed hawks and great horned owls have been documented as predators of gos-
hawks and their nestlings (Boal and Mannan 1994, Woodbridge and Detrich 1994)
and may occupy a large proportion of goshawk nests after logging (Crocker-Bedford
1990, Patla 1990). There is no evidence suggesting that either owls or red-tailed
hawks have an adverse effect on goshawks in southeast Alaska. Where other raptor
populations are dense, they also may compete with goshawks for limited resources
such as prey or nest sites.

Table 24—Association of 10 goshawk prey species or species groups with 11 cover types in southeast
Alaska

Cover typea b

Species VH H M L R B S C MS A N

Most important:
Stellar’s jay M M M H H H H L M L M
Grouse species H H H H H H M L M L M
Varied thrush H H H H H M M L M L L
Red squirrel H H H H H H L L M L L
Woodpecker species H H H H H H L L L L L

Total “high’s” (H) 4 4 4 5 5 4 1 0 0 0 0

Less important:
Sharp-shinned hawk H H H H H H M L H L L
Alcidae species H H H H H H L L L L L
Yellowlegs species L L L L L L M L L L H
Ptarmigan species L L L L L L L L L H M
Northwestern crow L L L L L H L L L L L

Total “high’s” (H) 2 2 2 2 2 3 0 0 1 1 1

a VH = very high, H = high, M = moderate, L = low, R = riparian, B = beach, S = scrub forest, C = clearcut, MS = mature sawtimber,
A = alpine, and N = nonforest. Cover types are further described in table 7.
b L = little or no use, M = moderate use, and H = highest use of a cover type for that species or species group.
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Conservation
Status of Northern
Goshawks in
Southeast Alaska

Conservation status refers to the demographic condition of a species as it relates
to the likelihood of local and regional persistence of that species over the long term.
The conservation status of goshawks in southeast Alaska is examined relative to
the information already presented in this assessment.

Given incomplete knowledge about goshawk ecology in southeast Alaska, the status
of goshawks can be evaluated by asking a series of critical questions about its bio-
logy and habitat. This approach has been used elsewhere (Murphy and Noon 1992,
Verner et al. 1992, Hayward and Verner 1994). The available information is eval-
uated to distinguish among three broad conclusions relative to long-term conservation
status of goshawks in southeast Alaska: (1) populations of goshawks are secure and
likely will remain so given current land management practices, (2) populations of gos-
hawks are in peril (declining or experiencing some demographic trauma) or likely
will be in peril in the future given current management practices, or (3) there is in-
sufficient evidence to determine or predict the conservation status of the species.
Goshawk populations differ in biology and ecology depending on geographic setting.
Therefore, when answering the critical questions, we first relied on evidence from
studies in southeast Alaska and secondarily on information from elsewhere in North
America and Europe. Few references are presented here because literature was
reviewed earlier.

1. Do habitats differ in their capacity to support the principal prey species used
by goshawks?

Our review of the limited literature available does indicate that habitats in southeast
Alaska differ in their capacity to support prey populations. Productive old-growth
forests support a wider range of important prey than do other habitat cover types.
Except for ptarmigan, Steller’s jay, and yellowlegs, the principal prey species
generally occur in higher densities in productive old-growth forest than other habitats.
Ptarmigan occur most in alpine and subalpine areas; Steller’s jays seem most
common near forest edges, and yellowlegs use peatlands, beaches, and estuaries.

Timber harvest may reduce populations of primary goshawk prey species owing to
the association of these prey species with productive old-growth forests where timber
management occurs. Our understanding of the habitat associations of principal prey
populations and forest dynamics suggests that clearcut, even-aged, short-rotation
management reduces habitat quality for these species. The loss of habitat begins
immediately after harvest and continues over many decades. Furthermore, partial
cutting likely has less adverse impact on prey abundance per acre than does clear-
cutting. Forest features in leave-tree patches will influence the quality of the site for
prey species. Landscapes with partial cuts that retain patches of old trees will provide
a greater diversity of forest structure that likely will support larger prey populations
than will landscapes with uniform even-aged forest structure.

Management activities other than timber harvest also can influence the abundance of
principal goshawk prey species. For instance, forest roads remove vegetation, initiate
secondary succession, and affect vegetation in plant communities along roadways
and in adjacent stands.
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Key prey species are not evenly distributed across southeast Alaska. Red squirrels
are absent from Prince of Wales Island and islands west of it. On these same islands
spruce grouse are present, replacing the blue grouse that are common throughout
most of the remainder of southeast Alaska. Further, marten (Martes americana) and
red squirrels may have been introduced on several islands and may have altered the
natural ecological systems. Even though marten diets may overlap goshawk diets in
this region, the consequences of possible marten introductions on principal goshawk
prey are unknown. Introduction of the red squirrel, however, has likely increased prey
availability for goshawks.

2. Do habitats differ in their capacity to support goshawk populations or to
support particular functional activities? What are the characteristics of those
habitats? Are these habitats limiting goshawk populations? How does forest
management influence habitat quality for goshawks?

Observations of goshawk habitat use in southeast Alaska demonstrate selection for
specific habitat cover types and locations. Although the available data do not confirm
differences in goshawk fitness among habitats or directly show that goshawks obtain
more prey in any particular habitat, data on nonrandom habitat use provide indirect
evidence that habitat quality differs among habitat cover types.

Characteristics of habitat within 600 acres around the nest— Our sample sug-
gested that goshawk nests occur in a subset of available forest habitats. Documented
nests occur below 1,000 feet in elevation in productive old-growth forest stands but
not in beach fringe or estuary forests. Nests have not been discovered in scrub forest
or early seral stages after clearcutting despite the high visibility such nests would
have had in these open habitats. Although nests have not been found in scrub
forests, nests have been found in small stands (less than 10 acres) of productive
old-growth forest generally surrounded by scrub forest.

Literature on goshawk nesting behavior (e.g., Crocker-Bedford 1990, Woodbridge
and Detrich 1994, Reynolds et al. 1994) demonstrates that goshawks show strong,
but variable, nest site fidelity. This behavior is thought to indicate that selected sites
have unique characteristics associated with increased goshawk fitness. Newton
(1986) showed that sites differ in quality for sparrowhawk (Accipiter nicus), and
quality is associated with nesting success. If we consider the landscape context of
nest site locations, our sample of goshawk nests occurred in areas that differ from
the surrounding landscape. Studies in southeast Alaska show that goshawks chose
nest sites with an average of 9 to 11 percent more productive old-growth forest
around the nest than in the surrounding 10,000-acre plot, respectively. Even in this
respect, however, goshawk nest areas showed broad variation. Cover of productive
old-growth forest ranged from 16 to 96 percent within 600 acres of the site; some
portion of this variation may be an artifact of circles not representing the
concentrated goshawk use areas.

Forest management influence on goshawk nesting habitat— Given the strong
association of nest sites with productive old-growth forest in southeast Alaska and
the lower probability of reoccupancy of small nest stands observed elsewhere
(Woodbridge and Detrich 1994), nesting by goshawks is likely to be lower in areas
with fewer acres of productive old-growth forest, whether due to natural conditions
or as a result of timber harvest. Reduction in the size of suitable nest stands or in
the total extent of productive old-growth forest will reduce goshawk nesting habitat,
especially in areas where productive old-growth forests are less common.
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Selection and characteristics of other habitats— Without intensive observations
of goshawk behavior, investigators cannot distinguish among habitats used for dif-
ferent functions; e.g., foraging, roosting, and loafing habitats or habitats used for
other diurnal activities. No data are available on nocturnal activities. (Throughout
this discussion, we have assumed that goshawk radio-telemetry locations represent
suitable foraging habitat.) During the diurnal period in southeast Alaska, 57 percent
of female and 41 percent of male goshawk relocations occurred below 500 feet in
elevation; 74 percent of females and 54 percent of males occurred below 900 feet in
elevation. Goshawks were relocated in productive old-growth forest 67 percent of the
time and half of that occurred in the very high or high volume class strata. About
20 percent of goshawk relocations occurred in the narrow 1,000-foot beach fringe
and 24 percent occurred in narrow riparian buffers. These observations indicate
that goshawks are using a nonrandom subset of the environment.

The amount and distribution of productive old-growth forest (especially the moderate
to very high volume components), mature sawtimber, and riparian and beach zones
are likely to set a limit on goshawk distribution and abundance. Clearcuts reduce
the amount of productive old-growth forest and thus the area frequently used by
goshawks. Although scrub forests are used occasionally by goshawks (19 percent),
this was not a selected cover type relative to availability (28 percent, table 10). Also,
this cover type is relatively abundant (27.6 percent of the landscape) and not threat-
ened by management; consequently, changes in the abundance of scrub forest are
not likely to play a key role in goshawk population change in southeast Alaska. Gos-
hawk relocations in scrub forest areas frequently occurred in patches of productive
old-growth forest too small (e.g., < 5-10 acres) to be mapped in the GIS database.
Thus the use of scrub forest types may depend on the amount of inclusions of
productive old-growth forest patches within them.

Goshawks occur in a variety of habitats at the landscape scale (e.g., thousands of
acres); some occur in landscapes dominated by productive old-growth forest, and
others use landscapes dominated by scrub forest or clearcut lands. The goshawks
we observed in each of these situations reproduced successfully and may demon-
strate their adaptability to a variety of landscapes. We have no data, however, to
indicate relative abundance or fitness of nesting goshawks among these varied
landscapes, which would serve as an indirect measure of relative habitat quality.

The geographic extent of goshawk use areas also differed dramatically; breeding
season use areas of adult males averaged 17,000 acres (range 6,800 to 48,185
acres) and for females averaged 35,076 acres (range 492 to 203,391 acres). Dif-
ferences in the number of sample relocations accounted for much of the variation in
the size of the use areas; however, there is likely variation in use-area size among
individuals that exploits the variety of landscape compositions. Goshawk use areas
documented in southeast Alaska are exceptionally large relative to other regions and
may be related to low prey diversity or abundance. Kenward (1982) suggests that
home ranges in his study area were of a size to encompass an adequate amount
of key foraging habitat.

Data from southeast Alaska demonstrate differential use of cover types and topo-
graphical locations by radio-marked goshawks. A definitive assessment of the rel-
ative value of different combinations of cover types to goshawk fitness would require
information for landscapes on the relative density of goshawks, reproductive success,
mortality rates for adults and juveniles, and prey habitat relations and abundance.

63

603_0150 



Forest management influence on foraging habitat— Natural disturbance in the
coastal, temperate rain forest of southeast Alaska generally occurs in small patches
(0.1 to 0.2 acre) as a result of small-scale windthrow. Because of the cool, moist,
maritime climate, fire does not produce the disturbance patterns characteristic of
many other conifer forest types in other regions. Catastrophic windthrow events
generally affect much larger areas, up to 1,000 acres, but much more infrequently,
an average of only 0.3 percent of the productive old-growth forest is affected within
a landscape per decade (Nowacki and Kramer, in prep.).

Past timber harvest in southeast Alaska has emphasized even-aged clearcut silvi-
culture that differs from natural disturbance processes and has long-term conse-
quences on forest structure and goshawk habitat. Clearcutting removes high-quality
goshawk habitat (i.e., productive old-growth forest) and creates low-quality habitat
(i.e., clearcut and early seral conifer stands). Clearcut stands likely remain poor
quality goshawk habitat for over 100 years, through the stand initiation and stem
exclusion stages of forest succession (fig.2). The rate of habitat recovery after
clearcutting depends on site productivity, the amount of stand structure remaining
after timber harvest, the forest types that regenerate on the site, and many, site-
specific, chance events that influence secondary succession. Evaluating the extent
of habitat decline resulting from clearcutting is further complicated because produc-
tive old-growth forest sites probably differ in their value to goshawks according to
prey density and forest structure, which facilitate goshawk flight and prey capture
(Moore and Henny 1983, Fisher 1986, Spieser and Busakowski 1987, Widen 1989,
Crocker-Bedford 1990, Reynolds et al. 1992).

Evaluating the influence of forest management becomes especially complex in a
landscape context. The effects of clearcutting on habitat quality depend on the
amount and distribution of cover types (especially productive old-growth forest)
present before and after harvest. For instance, harvest of 1,000 acres of productive
old-growth forest from a 10,000-acre watershed likely will have different conse-
quences if, before harvest, productive old-growth forest occupied 2,000 acres or
9,000 acres. The geographic dispersion of various cover types before and after
harvest also likely influence the impact of clearcut harvest on goshawks. Despite
wide variation in the size and habitat composition of goshawk use areas, 23 and
28 percent was the minimum proportion of productive old growth present in any
breeding season use area for adult males and females, respectively. We do not
know the consequences to goshawk nesting if landscapes are managed below
these levels. We also do not know the relation between the amount of productive
old-growth forest and either goshawk fitness or relative abundance. As selected
habitat components decline at the landscape scale, home range size may increase
(Kenward 1982), and population density may decrease. Goodman (1987) suggests
that any management that reduces habitat quality to near minimum conditions will
substantially increase the probability of extinction resulting from chance environ-
mental events or catastrophes.
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3. Do the life history and ecology of the goshawk suggest that populations are
vulnerable to habitat change?

Several aspects of goshawk life history suggest that the species may be vulnerable
to habitat changes. Goshawks are long-lived birds, have a low reproductive rate,
occur in low densities, and at least in southeast Alaska do not migrate. As such,
goshawk life history parallels that of other large avian predators, such as the bald
eagle and spotted owl (Strix occidentalis). Demographic sensitivity analysis of the
life history strategy for these species shows that population growth rates are most
sensitive to changes in adult survival rates (Noon and Biles 1990). Habitat changes
that decrease adult survival would decrease the probability of persistence. In par-
ticular, reductions in prey populations or prey availability as a consequence of forest
management could increase goshawk mortality, especially during periods of stress.
Goshawks in other regions exhibit dramatic movement patterns in response to winter
prey shortages (Doyle and Smith 1994), suggesting the potential for food stress
during winter.

Habitat change also could influence adult and juvenile survival rates by changing the
vulnerability of goshawks to predation or interactions with competitors. Elsewhere,
great horned owls prey on goshawks, and red-tailed hawks may compete with gos-
hawks. Although both great horned owls and red-tailed hawks are associated with
openings in other conifer forests, neither species would likely benefit from clearcuts
for a long period in southeast Alaska, owing to low structural diversity and prey
productivity of the stem exclusion stage of secondary forest succession.

The very large areas used by goshawks in southeast Alaska may lead to high energy
expenditure during daily movements. Hirons (1985) has shown that, for the tawny
owl (S. aluco), clutch size is limited by energy available to the female prior to laying.
Palmer (1988) emphasizes the importance of late winter and early spring habitat in
determining the breeding condition of female raptors. In this context, the large areas
used by goshawks are a conservation issue for two reasons: (1) populations of indi-
viduals requiring large ranges may be energetically stressed, have lower reproduc-
tive success, and be less resilient to further stress; and (2) land management must
provide habitat within large areas to meet individual as well as population needs.
Reductions in productive old-growth forest that reduce prey populations likely would
further stress individual goshawks, especially in landscapes with relatively low prey
populations. Goshawks occupy an upper trophic level in a broad food web; they rely
on the integrity of trophic levels two to three lower levels. This food web is poorly
understood; however, changes in habitat that negatively influence prey populations
likely would reduce the probability of persistence for goshawks.

The influence of habitat change on successful dispersal of young goshawks, or on
movements of adult goshawks, is unknown. Likewise, the influence of habitat change
on other demographic characteristics of goshawks in southeast Alaska is not under-
stood. Several authors have provided deductive arguments, and some empirical
data, indicating reduced nest occupancy or reduced reproduction per occupied nest
following timber harvest (see “Species response to forest harvest” in “Review of
Northern Goshawk Ecology in North America,” above).
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4. Given that goshawks select particular habitats, are these habitats declining
or at risk under current management?

Nearly 900,000 acres of productive old-growth forests have been converted to early
seral forests within the temperate rain forest ecosystem in southeast Alaska. The
amount of habitats used and selected by goshawks for nesting and foraging, and
most likely important habitats for principal prey species, have declined in the past
and continue to decline under current management. Clearcut stands represent one
of the least-used cover types by goshawks. Most clearcut stands are currently less
than 40 years old and provide poor habitat for goshawks and will continue to provide
poor habitat for another 60 to 100 years. Evaluating the risk of further reductions in
the extent and quality of goshawk habitat depends on several aspects of future
management direction. We can conclude, however, that the projected harvest of an
additional estimated 1.5 million acres of productive old-growth forest planned under
the current Tongass Land Management Plan (USDA 1979) can only further adversely
affect the conservation status of the goshawk. The distribution of timber harvest,
the silvicultural prescriptions used, and the overall timber volume harvested will all
influence risk as discussed further in “Management Considerations”(below).

5. Is evidence available that goshawk distribution or abundance is declining in
all or part of southeast Alaska?

Data on goshawk density, survival, reproduction, and dispersal in southeast Alaska
are too limited to directly determine the trend in any demographic characteristic for
the population. Due to the lack of historical information, direct estimates of status
and trend will be difficult for the near future. Preliminary data and literature review
suggest that adult goshawk survival in southeast Alaska might be within the range
judged necessary for population stability. The annual estimated survival of adult
goshawks averaged 72 percent (56 to 88 percent for the 95-percent confidence
interval), not too different from the minimum 80- to 86-percent adult survival cal-
culated by McGuire and Call (Arizona Game & Fish 1993) and believed necessary
for stability in goshawk populations.

Although demographic data are not available to determine population trends, patterns
may be inferred based on trends in habitat, if it is assumed that habitat or a process
related to habitat abundance and quality is limiting goshawk populations. Consider-
able amounts of the most productive old-growth forest habitats selected by goshawks
have been removed in southeast Alaska, and the decline will continue under the cur-
rent Tongass land management plan. It is likely that productive old-growth forest that
has been harvested once supported goshawks and their prey at densities com-
parable to those currently observed in unharvested areas. Although goshawk abun-
dance is not likely linearly related to the proportion of productive old-growth forest,
goshawks likely require some unknown abundance of productive old-growth forest at
large spatial scales (e.g., >10,000 acres), and that below that level goshawk abun-
dance declines. Reducing the amount of productive old-growth forest to a level still
above this critical amount may or may not have a significant effect.

Despite the lack of direct data on current population size or trend, where habitat
abundance and quality has been reduced, relative goshawk density will likely also
be lower. Therefore, based on significant reductions in the amount of highly produc-
tive old-growth forest habitat, goshawk abundance has likely declined during the past
period of intensive timber harvest. Data are, however, insufficient to estimate the
magnitude of decline or the likelihood of long-term goshawk persistence.
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6. What is the current conservation status of the goshawk in southeast Alaska?

The current conservation status of goshawks in southeast Alaska cannot be precisely
defined and this situation is not unique. Sound estimates of persistence probabilities
are not available for many more intensively studied species (e.g., goshawks in other
areas or the northern spotted owl). Principal barriers include insufficient information
about important population parameters. In particular, population growth rates for
species with life histories similar to goshawks are most sensitive to changes in adult
survival rates. Available ecological information on goshawk habitat use, trends in
habitat condition for goshawks and their prey, life history characteristics of the gos-
hawk, and characteristics of its prey together form the basis for making inferences
to assess the conservation status of the goshawk in southeast Alaska.

Based on the information presented in this document and summarized earlier in
this section, we can draw three main conclusions. The first is that the probability
of persistence for goshawks throughout southeast Alaska has declined since
the middle of the 20th century. Secondly, although persistence may be in im-
mediate peril in specific areas with highly modified landscapes (see “Management
Considerations,” “Risk Assessment,” below) goshawks in most ecological prov-
inces with limited or no habitat modification are likely not in immediate peril .
Thirdly, we concluded that a sound habitat management strategy is important
to maintain long-term, well-distributed populations . These three conclusions
are based on the following points:

• Habitats selected by goshawks remain abundant in many portions of southeast
Alaska, especially in wilderness areas. Some habitats used for activities other
than nesting are not significantly altered by current management practices (e.g.,
scrub forests with inclusions of large trees).

• Goshawks studied in southeast Alaska produce numbers of young similar to
goshawks elsewhere, however they likely exist in lower nesting densities in
southeast Alaska.

• Goshawks in southeast Alaska appear to use a variety of landscape conditions
and to prey on a variety of vertebrates occurring in several cover types, thereby
suggesting the species may be resilient to some degree of change. Use of a
particular habitat (e.g., scrub or nonforest) does not, however, necessarily imply
a positive contribution to fitness (Van Horne 1983). Nonetheless, the productive
old-growth forest component on the landscape is selected by goshawks, and some
of these forests are at risk of habitat loss because of current forest management
direction.

• Evidence suggests that goshawks in southeast Alaska are not migratory. They
would therefore not be placed at increased risk due to loss of wintering habitat
outside the region or be faced with potential increased mortality during migratory
movements. Correspondingly, however, habitat within the region must be ade-
quate to support goshawks throughout the year.

• Goshawks in southeast Alaska move extensively within the region. This move-
ment suggests that the probability of recolonizing areas that have experienced
local extirpations would be high once habitat quality was restored; but given forest
succession rates, this response may take several decades or centuries to occur.
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• Goshawks in southeast Alaska exhibit color and morphological features suggesting
distinct genetic characteristics. These features imply that the group of goshawks
in the region have not been a sink population, at least in the past. The different
morphology furthermore suggests that a population with minimal demographic
support from outside populations has remained viable and distinct within the
region for a relatively long period.

• Risks to long-term (e.g., 100 years or more) and short-term persistence of gos-
hawks in specific areas are management challenges for the immediate future.
These challenges were identified from available information on goshawk habitat
use and nest area habitat, the dynamics of those habitats, the consequences of
current forest management, and goshawk life history. Specifically:

• Goshawks have been identified as a species of viability concern by several
agencies because they occur at low densities, have low reproductive rates,
and use habitats for nesting and other activities that have been reduced or
markedly altered by timber management. These population characteristics
have been associated with a decreased probability of persistence for other
vertebrates (Pimm et al. 1988, Shaffer 1981).

• Habitat associated with goshawk nest areas has been reduced in southeast
Alaska during the latter half of the 20th century owing to timber harvest. Gos-
hawks have not been found nesting in clearcuts or early seral stage forests.
If goshawks are limited to mature and productive old-growth habitat, then
extensive clearcut harvest likely will result in a reduction in the number of
breeding goshawks, breeding goshawks no longer occurring in particular
areas, and reduced abundance of goshawks in selected watersheds. Con-
tractions in the range of a species decrease the probability of persistence
owing to chance environmental events (implied by Goodman 1987, Pimm
et al. 1988).

• Harvest of productive old-growth forest reduces habitat quality for 8 of the
10 goshawk principal prey species and may negatively affect forest structure
for foraging goshawks. Productive old-growth forest habitats are selected by
goshawks when away from the nest, and the principal prey species are prob-
ably most abundant and accessible in productive old-growth stands. Although
goshawks in this region appear to forage in a variety of habitats, reductions
in prey abundance and accessibility likely will lead to a lower abundance of
goshawks, to reduced goshawk survival, and to reduced productivity.

• The large use areas exhibited by goshawks in southeast Alaska suggest that
the population may be more sensitive to reduction in habitat quality than popu-
lations elsewhere. There is some indication that goshawk use areas in southeast
Alaska are even larger in the more modified landscapes (e.g., North Prince of
Wales Island Province); however, this speculation is confounded by lower prey
species richness in these same areas.

• Some biologists have suggested that goshawks are rarely seen, and their nests
rarely found, in landscapes with the most clearcutting. However, substantial
surveys in landscapes where timber harvest has not occurred also have failed
to detect nesting goshawks (Schempf et al. 1996).
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• The degree to which population growth is density dependent, especially at low
population densities, is important to carefully consider in assessing goshawk
demography and the potential consequences of habitat change. The extent that
goshawk population growth is density dependent is specifically unknown, and we
do not know whether goshawks are likely to experience an Allee effect (negative
density dependence at low populations size; Allee 1931) at modest population
sizes. A strong Allee effect could result if goshawks experience difficulty in locating
mates at low population densities, or if low population densities are associated with
large use areas, which affect energy needs and subject the birds to more predation
and competition.

In general, then, trends in habitat condition throughout the region suggest that the
probability of persistence for goshawks in southeast Alaska has decreased relative
to conditions prior to or earlier in the 20th century. The actual degree to which the
probability of persistence has been reduced is unknown. Under the management
direction of the current Tongass National Forest Plan (USDA Forest Service 1979)
the probability of persistence will continue to decline.

Management
Considerations

Management considerations are developed and presented as a framework for
goshawk conservation in southeast Alaska. They represent an integration of the
available literature, results of research and surveys conducted in southeast Alaska,
past and planned forest management practices relative to the ecology of the tem-
perate rain forest, and conclusions regarding the conservation status of goshawks
in southeast Alaska, elements described in earlier sections. Statements made here
also represent management hypotheses that need to be tested through research,
rigorous monitoring, and adaptive management.

Goshawk Response to
Forest Disturbance

Response to forest change at the stand scale— We examined a variety of sil-
vicultural systems to assess the impact of fine-scale habitat change on goshawk
habitat use. Goshawks disproportionately select productive old-growth forest habitats
among all available habitat types. Clearcutting of productive old-growth stands
initiates secondary forest succession which results in fundamental changes to forest
structure avoided by goshawks. Thus, the dual effects of clearcutting—eliminating a
selected habitat type and creating an avoided habitat type at the stand scale—serve
to focus management considerations on the productive old-growth forest component
of the landscape. For purposes of this discussion, we consider a “stand” to be a
relatively homogeneous forest in structure and composition in the size range of 20
to 100 acres.

Five stand structures that result from a range of silvicultural treatments were eval-
uated by integrating our knowledge of forest dynamics and goshawk ecology to
estimate relative habitat suitability for nesting and foraging use by goshawks
(table 25). Old-growth forest was used as a basis for comparison. Value assign-
ments for foraging were based on our prediction of prey abundance within stands
and whether stands would facilitate goshawk hunting behavior. The general assump-
tion was made that goshawk habitat use not related to the immediate nesting habitat
is either directly or indirectly related to foraging activities.

69

603_0150 



Goshawks likely have adapted to forest processes of gap dynamics and catastrophic
windthrow and the resulting fine- and coarse-scale seral stand mosaic, as evidenced
by their apparent long-term presence in southeast Alaska. Thus, the assumption is
made that the more closely active forest management emulates the size, frequen-
cy, and intensity of natural forest dynamic processes in time and space, the more
suitable the resulting combination of stand structures will be to sustain goshawks.
However, any application of silvicultural treatments likely is additive to “residual”
(e.g., natural) forest disturbance processes already occurring, possibly resulting in
more frequent and intense disturbances.

Old-growth forest is rated highest for nesting and foraging because goshawks select
it for nesting and nonnesting activities and it provides a greater diversity and abun-
dance of prey. Old-growth forest stand structure also provides the canopy closure
and relatively open understory suitable for foraging.

Uneven-aged silviculture— Group selection resulting in up to 2-acre openings oc-
curring at different stages of succession may emulate aspects of the gap-dynamic,
shifting-mosaic characteristic of temperate rain forests. To employ both a time and
space control, we assumed that no more than 3.3 percent of the stand is removed in
any decade (approximating a 300-year rotation) and that some groups of trees that
are at least 300 years old will always remain.

Group selection sites may not provide nesting habitat equivalent to old-growth forest
because of the degree of increased patchiness (over residual gap processes) that
will result over time; however, the value for nesting likely would remain adequate
over the entire area throughout the rotation. Light, single-tree selection is expected
to retain high-value nesting habitat as long as large, old trees remain on the site
through time. Group or single-tree selection also maintains relatively high-value
foraging habitat throughout the management cycle (table 25). Thus, uneven-aged
silviculture that emulates natural disturbance patterns will have a high likelihood of
sustaining suitable goshawk habitat (Reynolds et al. 1992).

Table 25—Estimated value of forest stands with different structures for
goshawk nesting and foraging habitat, southeast Alaska a

Estimated value Estimated value
Forest structure for nesting for foraging

Old growth (>250-300 years old) H H
Mature sawtimber (75-250 years old) M M
Uneven-aged management prescription:

Single-tree selection (300-year
“rotation”) H H

Group selection (1- to 2-acre openings)
(300-year “rotation”) M+ H-

Even-aged management prescription:
Shelterwood with reserves L- M-
Clearcut L- L

a All cases evaluate stands on sites that can support productive old-growth forest. Ratings: L = low value,
M = medium value, H = high value; + and - provide finer resolution among categories.
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Even-aged silviculture— Shelterwood is a clearcut-type harvest that leaves scattered
residual trees after the initial harvest of most (e.g., 80 percent) of the trees on a site.
In the “shelterwood with reserves” system (table 25), retained trees are never har-
vested. Even with reserve trees, shelterwood treatment is considered among the
least valuable treatments for nesting or foraging owing to inadequate forest structure
remaining in the stand. Compared to clearcut sites, residual large trees and snags
retained on shelterwood sites likely would contribute to increased structural com-
plexity with at least two canopy layers. They also would function as a source of future
recruitment of snags and downed woody material leading to accelerated development
of stand structure for nesting and foraging habitat, especially during the period from
about 100 to 150 years. The more windfirm residual structure retained in a shelter-
wood harvest, the higher the habitat suitability for goshawks and prey species,
especially 1 to 2 centuries after the shelterwood harvest.

Clearcut refers to a complete removal of all trees within a stand to restart secondary
forest succession at the stand initiation stage. This even-aged seral condition resulting
from clearcutting persists for at least 100 years (current TLMP rotation length) and
up to 150 years through the stem exclusion stage of forest succession. The value of
clearcut stands (20 to 100 acres) for goshawk nesting or foraging is initially very low
because nearly all vertical structure is removed at harvest, but suitability changes as
the stand matures. During the stand initiation phase (about 0 to 25 years after har-
vest), the stand provides no nesting habitat but may provide some minimal foraging
habitat, depending on seral conditions, opening size, and the landscape context of
the stands. During the stem exclusion phase (30 to 150 years), nesting habitat is
generally absent until late in this period of stand development. The dense forest
provides little flight space and goshawk foraging is unlikely. During understory
reinitiation (starting at about 150 years) and as the stand continues to mature, the
foraging habitat quality will gradually improve as conditions increase for a variety of
prey species, and the more open stand provides necessary flight space. Nesting
also becomes more likely as tree size increases and the stand becomes more open.

Intermediate treatments— Intermediate silvicultural treatments such as precommer-
cial and commercial thinnings that open the canopy, could theoretically enhance stand
suitability for goshawk habitat use. The greatest benefits would not be in direct hab-
itat improvement, but rather in reducing the time to develop stand structural charac-
teristics necessary to provide suitable goshawk nesting and foraging habitat (e.g.,
120 years instead of 150 years on an average site). Opening the canopy could
theoretically enhance understory development of herbaceous vegetation to enhance
habitat for prey species, but the vegetative responses would likely be very slow
(Alaback 1982), and known prey species apparently do not respond to precommer-
cial thinning in southeast Alaska (DellaSalla et al. 1994). To the extent that these
silvicultural treatments increase natural disturbances that further alter stand structure,
such as additional windthrow, the consequences for goshawks are less certain.
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Response to forest change at the landscape scale— When the consequences of
implementing stand-scale treatments across large landscapes and over long periods
are considered, then several considerations emerge concerning goshawk response
to forest management. Applying various silvicultural treatments to a landscape over
time creates a mosaic of stand structures. Characteristics of the mosaic and resulting
consequences to goshawk habitat suitability depend on the type and combination
of silvicultural treatments applied (e.g., single-tree selection versus clearcut); the
intensity, frequency, and size of these silvicultural treatments; the existing landscape
composition and structure; and interactions with natural disturbance events. In theory,
forest management through uneven-aged silviculture approximating the size, scale,
and intensity of natural disturbance processes should provide continuous moderate-
to high-quality habitat when applied across the landscape, if treated stands retain
some old trees with complex forest structure. An uneven-aged management frame-
work has no actual rotation age; however, the choice of patches and scheduling of
harvest determines the mix of structures present in the forest.

The size of seral stands created by various silvicultural treatments impacts goshawk
habitat. Goshawks in southeast Alaska preferentially select against use of clearcuts.
These data are, however, based on relatively large clearcuts (e.g., generally 20 to
100 acres); the likely impact of small clearcuts or group selection harvests are much
less known and will depend, in part, on patch size. Prey availability for goshawks
may increase if average treatment openings are smaller, because (1) prey within har-
vested patchs will all be closer to the edge (where hawks can perch), and (2) any
prey species favoring edge habitat will have more edge habitat relative to clearcut
area. The tradeoffs between group selection and clearcutting, then, may depend on
the proportion of the landscape in early seral stages and the habitat value of edge
areas to goshawks. Regardless of the silvicultural system used (even vs uneven
aged), the total amount of early seral forest stand structure (cover types avoided
by goshawks) within a landscape strongly influences habitat quality.

We do not suggest that goshawks require extensive tracts of productive old-growth
forest on the Tongass NF, but rather that landscapes with large proportions of early
seral forest reduce the cumulative habitat quality for goshawks across the landscape.
When productive old-growth forest stands are clearcut in a landscape having a large
scrub forest component, the landscape will retain some foraging habitat quality
because goshawks use scrub forests (especially their inclusions of small patches
of productive old-growth forest) but avoid clearcuts. The use and contribution of the
scrub forest component and the variability in its abundance across the landscape
is a likely cause for the high variability in the amounts of productive old-growth forest
within goshawk use areas. The overall habitat capability and probable goshawk per-
sistence are likely to be most reduced when landscapes dominated by productive
old-growth forests are converted to predominantly early seral habitats and contain
little scrub in the resulting mosaic that may provide compensatory foraging habitat.

Rotation length—Because productive old-growth forests provide important nesting
habitat for goshawks and habitat for their prey, the effective rotation period for a
stand (the maximum age before each stand is harvested again) has a significant
influence on the value of habitats to goshawk conservation after silvicultural treatment.
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Under a theoretical 200-year rotation for all current old growth, about half of the
forest is maintained at all times in either the stand initiation or stem exclusion stages
(less than 100 years) and half in the understory reinitiation stage (100 to 200 years).
A 200-year rotation may double the effective landscape goshawk habitat capability
over a comparable 100-year rotation, with nearly half of the landscape in a mature
sawtimber cover type. Because 100- to 200-year-old stands are currently uncommon
in the Tongass NF, data are insufficient to accurately assess their habitat value to
goshawks. However, based on likely stand structure, forest successional pathways,
and goshawk foraging behavior, these stands would provide at least intermediate
quality goshawk habitat (see table 26), and they represent the mature sawtimber
component used by goshawks in greater proportion than its relative availability.
When 200-year-old stands begin to exhibit increased structural complexity through
development of gap dynamic processes that lead to the initial expression of some
old-growth characteristics under a 200-year rotation, they are harvested and set back
to the stand initiation stage. We cannot judge if all prey species niches are present
within stands managed under 200-year rotations. There would be no old-growth
forest component under this scenario.

By contrast, a 300-year rotation for all old growth provides up to 10 decades for
development of late successional forest stand structure (stand age 200 to 300 years)
for use by goshawks. Under a 300-year rotation, at least one-third of a landscape
would be productive old-growth forest with associated niches to support diverse prey
populations. A second third of the landscape would be in the intermediate-valued
mature sawtimber stage. The remaining landscape would be in the least valuable
0- to 100-year-old conifer stand structure. Extended rotations with time controls (e.g.,
3.3 percent of productive old-growth forest harvested per decade) and area controls
(e.g., Value Comparison Units averaging 15,000 acres) present an opportunity to
both harvest timber and provide habitat likely to sustain goshawk populations.

Data from southeast Alaska suggest that goshawks can successfully produce young
in landscapes with moderate amounts of early seral forest stand structure. This rela-
tion is not unexpected because large-scale windthrow, an occasional disturbance
event, creates essentially even-aged stands that may occupy hundreds of acres, and
goshawks have either adapted to or can tolerate this disturbance regime. Use of a
300-year rotation that maintains nearly two-thirds of the landscape in either understory
reinitiation (moderate value) or old-growth forest (high value) development stages
is consistent with the habitat use patterns exhibited by goshawks (see “Analysis
of Northern Goshawk Ecology in Southeast Alaska,” above) where 70.5 percent of
goshawk habitat use occurred in mature sawtimber or productive old-growth forest.

Further support that a 300-year rotation would provide this theoretical dynamic land-
scape composition of seral age classes was developed from observed variation in
goshawk use of landscapes. Productive old-growth forests within individual goshawk
breeding season use areas ranged from 23 to 88 percent of the area. The mean of
this distribution is about 48 percent productive old-growth (standard deviation is
15 percent). Thus, even though some birds occurred in landscapes with as low
as a 24 percent component of productive old-growth forest, they represent a small
proportion of the sample population. If the management objective is that 48 percent
of the landscape should be composed of late seral or old-growth forest, then habitat
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Table 26—Goshawk risk assessment at the biogeographic province
scale for the Tongass NF showing the percentage of the productive
old-growth forest harvested in 1995 and the potential harvest in
2055 with continued implementation of the current Tongass NF
land management plan a b

Productive old growth harvested

Biogeographic province 1995 2055

Percent

East Chichagof Island 8.6 38.6c

West Chichagof Island 0.0 6.0
East Baranof Island 8.0 37.0c

West Baranof Island 4.5 22.5
Admiralty Island 0.0 3.0
Lynn Canal 3.0 26.2
North Coast Range 0.4 32.0
Kupreanof Island and Mitkof Island 9.1 47.3c

Kuiu Island 7.2 37.0c

Central Coast Range 2.3 25.6
Etolin Island and vicinity 11.7 49.2c

North Prince of Wales Island 20.8d 66.9c

Revilla and Cleveland Peninsula 4.8 35.5c

Southern outer islands 11.6 36.3c

Dall Island and vicinity 1.1 55.7c

South Prince of Wales Island 1.9 34.3c

North Misty Fiords 0.4 3.8
South Misty Fiords 0.0 0.0
Ice fields 2.4 6.3

Tongass National Forest 6.5 31.4

a The Yakutat area is excluded from the analysis.
b Harvest rates exceeding 13 percent (1995) and 33 percent (2055) represent
increased risk to long-term goshawk persistence.
c Province harvest rates exceed 33-percent threshold; 300-year rotation harvest rate.
d Province harvest rates exceed 13-percent threshold; 300-year rotation harvest rate.
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needs of, at best, only 50 percent of the population will be met. Thus, some pro-
portion of the population above the mean may be a prudent management objective,
perhaps 1 standard deviation. This level would approximate the 60- to 70-percent
range demonstrated by the proportion of goshawk relocations that occurred in produc-
tive old-growth forest. This analysis assumes that the proportion of a selected habitat
component used by goshawks equates to the proportion of that habitat type needed
within the landscape to have a high probability of sustaining goshawks.

We conclude that timber harvest management regimes with longer effective rotations
will provide a higher probability of goshawk population persistence than shorter rota-
tions. One possibly goshawk conservation strategy is to manage 66 percent of the
productive forest in equal proportions of mature sawtimber and productive old-growth
forest habitat cover types with the remaining one-third managed under an even-aged,
short rotation design. These conclusions are consistent with previously published
recommendations for goshawks (Crocker-Bedford 1990, Reynolds et al. 1992).

Risk Assessment A risk assessment was conducted under the assumption that a 300-year-rotation tim-
ber management regime applied to all productive forests would provide a relatively
high probability of long-term goshawk persistence throughout their current range in
southeast Alaska. This assumption implies that the probability of goshawk persist-
ence increases if less than one-third of the forested landscape is in early succes-
sional stand structure (e.g., 100 years), nearly one-third is in a understory reinitiation
stage of secondary succession (e.g., 100- to 200-year-old mature sawtimber) and
more than one-third is in stands 200 years or older and containing the full comple-
ment of old-growth forest characteristics.

The risk analysis was conducted at three spatial scales (described below) and at two
points in time: (1) the current situation after four decades of timber harvest beginning
on an extensive scale in 1955; and (2) projecting another six-plus decades assuming
full implementation of current TLMP (USDA Forest Service 1979) using a 100-year
rotation. From these analyses, two thresholds of early seral (e.g., less than 100 years)
forest composition present on the Tongass were developed: 13 percent (the current
situation—four decades divided by 30 decades), and 33 percent (the end of the
first 100-year rotation—10 decades divided by 30 decades). Areas with less than
13 percent (1995 situation) or 33 percent (2055 situation) of the productive old-
growth forest harvested were consistent with the habitat capability of a 300-year
rotation schedule and were judged as having a relatively high probability of sus-
taining goshawks. Areas exceeding these thresholds presented a higher risk of not
providing the amount and distribution of habitat necessary to sustain goshawks.

A risk assessment could also examine a theoretical 200-year rotation where one-half
of all forests managed in 0 to 100 age classes and one-half in 100 to 200 age classes
with commensurate thresholds of 20 percent (current) and 70 percent in 2055 of the
landscape in productive old-growth forest. This scenario was not examined in detail,
however, because this rotation length is unlikely to regenerate much old-growth stand
structure known to be selected by goshawks. Furthermore, the relative value of 100-
to 200-year-old regenerating forest stands to goshawks is unclear, because it is a
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relatively rare feature across the landscape and goshawk habitat relations are
not well tested. It is doubtful that this stand structure, without an accompanying
old-growth forest component, could sustain goshawks across all landscapes.

This risk assessment should be placed within the following context and assumptions:

1. Goshawks are not entirely dependent on productive old-growth forests included
in the timber base. Productive old-growth forests not suitable or available for timber
harvest (e.g., wilderness and riparian buffers) provide significant amounts of habitat.
The abundance of these habitats that are not suitable or available for timber harvest
differs among landscapes. Specifically, 46 percent of goshawk habitat use occurred
in riparian buffers and other areas of productive old-growth forest stands unsuitable
for timber harvest during the 100-year planning horizon under the current TLMP.
These unsuitable timber management acres of productive old-growth forest remain a
permanent contribution to the old-growth habitat component across the landscape.

2. Forest lands will be managed under the current TLMP for the next 100 years at
the projected maximum average annual harvest of 450 million board feet, with no
amendments occurring to change that level.

3. Relative risk is a function of prey richness and availability as determined by the
percentage of productive old-growth forest lands harvested.

4. This analysis includes only Tongass NF lands; non-Federal lands are not included
in this analysis. Trees on over 50 percent of the 700,000 acres of forests on non-
Federal lands in southeast Alaska have been harvested (USDA Forest Service 1991).
Given this level of habitat change, ecological risks to goshawks are higher for areas
with significant amounts of non-Federal forests that have been harvested.

5. The analysis assumes that all productive old-growth forests are of equal value
to goshawks.

Southeast Alaska regional scale—At the scale of the entire Tongass NF (excluding
Yakutat), 6.5 percent of the productive old-growth forest has been harvested since
1955 (table 26). Under the current TLMP, an estimated 32.1 percent of the produc-
tive old-growth forest land will be harvested by 2055. Thus, at the regional scale,
management is currently consistent with a 300-year scheduling regime in terms
of goshawk habitat capability and should remain consistent in 2055. However, this
broad scale of analysis fails to consider distribution of habitats throughout southeast
Alaska.

Biogeographic province scale— The Tongass NF has been stratified into 21 bio-
geographic provinces representing ecologically distinct landscapes (e.g., Admiralty
Island, Kuiu Island, West Baranof Island, etc.) (USDA Forest Service 1991). Of the
20 provinces corresponding to the regional area used above (i.e., Yakutat excluded),
only the North Central Prince of Wales Province currently exceeds the 13-percent
threshold level (table 26). Under the current TLMP, 10 of 20 provinces would exceed
the 33-percent threshold by 2055, including all island provinces within the Stikine and
Ketchikan Administrative Areas of the Tongass (table 26, fig. 12).
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Figure 12—Goshawk risk assessment at the biogeographic province scale. Figure shows distribution
of the productive old-growth forest harvested in 1995 and the potential harvest in 2055 with continual
implementation of the current Tongass NF land management plan.
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Management area scale— Management areas represent 140 land divisions used
in the current TLMP to identify landscapes on the order of tens to hundreds of
thousands of acres. In the Chatham Administrative Area, 6 of 54 management
areas currently exceed the 13-percent harvest threshold, and 23 management
areas are expected to exceed the 33-percent harvest threshold by 2055; in the
Stikine Administrative Area, 9 of 37 management areas currently exceed the
13-percent harvest threshold and 22 management areas are expected to exceed
the 33-percent harvest threshold by 2055; and in the Ketchikan Administrative
Area, 12 of 48 management areas currently exceed the 13-percent threshold
and 28 management areas are expected to exceed the 33-percent threshold
by 2055 (table 27, fig. 13).

Table 27—Tongass NF management areas, exceeding a 300-year timber harvest schedule a

Administrative Management Areas exceeding Management Areas exceeding
location 13% harvest level in 1995b 33% harvest level in 2055b

Chatham C44 (13.5), C41 (14.1), C27 (15.0), C07 (37.5), C29 (40.3), C43 (40.3),
C30 (15.1), C37 (18.4), C32 (12.3) C10 (42.5), C18 (42.8), C40 (43.1),

C39 (43.1), C44 (43.3), C25 (45.5),
C15 (47.9), C03 (48.1), C27 (48.1),
C21 (49.2), C34 (51.3), C32 (53.5),
C28 (55.0), C13 (56.2), C30 (56.8),
C37 (57.0), C14 (60.1), C19 (60.3),
C41 (61.6), C31 (65.5)

Ketchikan K32 (14.1), K15 (14.5), K08 (17.7), K44 (35.7), K13 (39.8), K28 (50.7),
K10 (23.4), K04 (23.6), K01 (24.9), K39 (53.3), K19 (54.1), K34 (56.0),
K17 (28.7), K03 (29.3), K09 (35.5), K30 (57.5), K24 (57.9), K22 (58.8),
K07 (38.6), K11 (38.7), K05 (44.6) K25 (60.4), K32 (60.6), K21 (62.8),

K35 (63.1), K10 (64.4), K04 (66.0),
K14 (66.2), K17 (66.6), K20 (66.7),
K29 (67.0), K18 (67.1), K01 (76.0),
K08 (77.0), K03 (78.4), K15 (81.3),
K07 (81.6), K09 (83.5), K11 (84.0),
K05(86.7)

Stikine S35 (12.9), S11 (13.4), S29 (14.4), S29 (36.2), S20 (44.2), S26 (45.8),
S22 (15.7), S17 (16.8), S04 (17.8), S07 (46.3), S33 (48.6), S16 (49.9),
S19 (19.5), S21 (31.5), S18 (41.8) S22 (51.1), S35 (51.5), S23 (52.1),

S13 (54.1), S25 (54.3), S21 (55.3),
S08 (56.4), S14 (57.1), S18 (57.5),
S17 (57.8), S09 (58.7), S01 (59.2),
S10 (61.0), S04 (62.7), S19 (66.0),
S11 (58.7)

a Based on a 3.3-percent harvest rate per decade (1955 base). Potential harvest levels in 2055 were predicted by using the
current Tongass NF land management plan.
b Management area identifier is followed by the percentage of harvested old growth (in parentheses).
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Figure 13—Goshawk risk assessment at the management area scale. Figure shows distribution of
the productive old-growth forest harvested in 1995 and the potential harvest in 2055 with continual
implementation of the current Tongass NF land management plan.
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Goshawk Conservation
Strategies

Our knowledge and understanding of goshawk ecology is insufficient to fully address
all specific components of a strategy for sustaining goshawks throughout southeast
Alaska. We do not know how many goshawks occurred in the past or the original
habitat capability. We do know that over 900,000 acres (including State, private,
and National Forest lands) of productive old-growth forest habitat, a cover type pref-
erentially selected by goshawks, has been replaced by early seral stages avoided
by goshawks. Short silvicultural rotations, currently applied on Federal, State, and
private lands, are unlikely to regenerate forest stand structures suitable for goshawk
use. Gross estimates of this habitat change range from 15 to 20 percent of the entire
area within the temperate rain forest ecosystem in southeast Alaska. This range
represents a crude estimate of current habitat capability reduction.

We do not know how many goshawks currently exist in this region. Goshawks likely
exist in lower densities in southeast Alaska than elsewhere within their range, espe-
cially because of relatively low prey diversity and abundance. Relatively low goshawk
densities, combined with a small subspecific range, suggest a relatively low absolute
population size. Populations with low numbers are more susceptible to local extir-
pation than larger populations.

We do not know how many goshawks are necessary, or in what spatial distribution
they need to occur, to assure their long-term persistence in southeast Alaska. Data
are insufficient to craft robust population dynamics or habitat capability models that
could be used to provide a spatially explicit habitat conservation strategy to sustain
goshawk populations throughout southeast Alaska.

Given these unknowns, spatial scale is a critical parameter on which to design and
implement a goshawk conservation strategy in southeast Alaska. Management strat-
egies applied at too broad a scale (e.g., a management area or province), or that rely
solely on landscapes currently in a permanent reserve status (e.g. wilderness and
other congressionally legislated Land Use Designation II lands in the Tongass NF)
may present significant management risks. Habitats capable of sustaining goshawks
will likely be clumped, resulting in significant gaps in area-wide distribution that could
leave insufficient intervening habitat suitable to support a well-distributed population.
Gaps in distribution jeopardize population interaction and thus long-term persistence.

Management risks likely would be reduced if all landscapes were managed to sustain
goshawks in their current distribution throughout southeast Alaska, though not neces-
sarily in the same relative density. The probability of persistence would most likely
remain relatively high if habitat capable of sustaining goshawks was distributed
across the landscape at a scale consistent with known goshawk use areas (for
instance, 10,000 to 20,000 acres, or the scale of TLMP Value Comparison Units).
Sustaining goshawk habitat at such a scale across the landscape would enhance
the interaction between individuals within the population.

Two principal landscape approaches to conserving species at the landscape scale
dominate the conservation biology literature: a static reserve design and a dynamic
landscape equilibrium. These two approaches were examined for their potential to
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assure goshawk persistence in southeast Alaska. For comparative purposes, it is
assumed that the total harvest of timber from southeast Alaska remains the same
for both alternatives. Under that assumption, if stands are not harvested in one area,
then a commensurate volume would need to be harvested from some other area.

Static habitat reserves— The concept of habitat conservation areas (HCAs), or
reserves of protected habitat distributed across the landscape, is a management
approach with a long history in wildlife conservation (Diamond 1975, 1976; Harris
1984; Noss and Harris 1986; Thomas et al. 1990), and has been recommended
once for goshawk management in southeast Alaska (Crocker-Bedford 1993). In
addition to reserve design criteria, the utility of habitat reserves depends on the
relation between the habitat needs of the species and the factors influencing the
availability of quality habitat. If a species’ fitness depends on the abundance of a
habitat that would become rare as a result of human land uses, then reserves form
a necessary part of a conservation strategy. Alternatively, when land uses do not
place important habitat in jeopardy, then reserves may not be necessary or
warranted.

Evidence suggests that goshawks in southeast Alaska use and successfully repro-
duce in mosaics of forested habitat cover types occurring across the landscape.
Productive old-growth forest provides important nesting habitat, but the acreage of
productive old-growth forest needed for nesting is relatively small compared to the
large areas used by goshawks. Goshawk use areas encompass a mosaic of forested
habitat cover types (primarily productive old-growth and scrub forests) that likely pro-
vide foraging habitat, because landscapes with high amounts of natural edge are not
selectively avoided. These patterns suggest that goshawks use some habitats not
at risk from silvicultural treatments (e.g., productive old-growth forest in protected
riparian corridors, scrub forest, etc.), because about 46 percent of goshawk use
of old-growth forest occurs in productive old growth not suitable for timber harvest.
Secondly, the mixture of habitats within a goshawk use area may influence the
relative value of productive old-growth forest to goshawks. In landscapes with lower
quality alternative habitats (e.g., rock and ice, clearcuts), any reduction of productive
old-growth forest may have greater relative effects than in landscapes with higher
quality alternative foraging habitat (e.g., scrub forests containing a fine-scale mosaic
of productive old-growth). Thus, the extent of productive old-growth forest necessary
for individual goshawks likely varies across the landscape. Given observed land-
scape patterns, if spatially static reserves are a component of landscape conser-
vation strategy (although habitat composition of reserves is not static but rather
very dynamic because of natural forest processes discussed earlier), then goshawk
persistence likely will benefit from more and larger reserves in landscapes that have
a greater proportion of the forested land base in early seral stand conditions.

Disturbance ecology-based matrix management— Habitat needs for a species
may be strongly linked to specific structural features. When natural disturbance
processes are considered, conservation may dictate reliance on an extensive area
of constant habitat change (e.g., a dynamic landscape equilibrium), such as the
conservation strategy for the California spotted owl (Verner et al. 1992) or northern
goshawk in the Southwest (Crocker-Bedford 1990, Reynolds et al. 1992), rather
than a static reserve design.
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In the most general sense, we hypothesize that management strategies that do not
employ reserves, but rather provide suitable habitat throughout a larger area such as
all lands available for timber harvest, will lead to higher persistence probabilities than
a reserve-based approach. This conclusion assumes that our hypotheses about non-
clearcut silviculture are correct, and also stems from our current inability, due to lack
of knowledge, to accurately define the size and composition of a reserve system ade-
quate to sustain a well distributed goshawk population. However, in landscapes (man-
agement areas or Value Comparison Units) where past timber harvest has removed
over one-third of the productive old-growth forest component, reserves may be an
important complementary component of a conservation strategy designed to protect
sufficient productive old-growth forest necessary to achieve a dynamic equilibrium
mosaic (e.g., 300-year rotation on all productive old-growth forests).

Goshawk conservation strategies and landscape risk— A goshawk conservation
strategy, then, will consider two basic questions: (1) What does a habitat reserve
strategy provide for this species and its prey (and what are the tradeoffs in alter-
native size and placement)? and (2) Is there an alternative landscape conserv-
ation approach other than reserves that also would meet conservation objectives?
Throughout this assessment, we have emphasized that productive old-growth forest
is a critical component of goshawk habitat use, and that the amount of this cover
type needed likely depends on the landscape context—what occurred naturally in
the past and currently exists. Owing to the high variability in landscapes across
the Tongass, a specific approach providing the highest long-term probability of
persistence in one landscape may not be the most effective approach in another
landscape. Thus, judicious use of both reserves and dynamic landscape strategies
depends on local landscape conditions and habitat cover type composition.

Based on landscape context, then, a management approach across the Tongass
emphasizing reserves in areas with high levels of past or currently projected ex-
tensive timber harvest (e.g., Value Comparison Unit-sized units currently exceed-
ing 13 percent of productive old-growth forest land or planned harvest exceeding
33 percent by 2055), and long rotation or uneven-aged management schemes
elsewhere, likely will provide the highest persistence probability. This hypothesis
assumes that reserve placements and silvicultural prescriptions consider both
goshawk habitat needs within the context of existing conditions and the desired
long-term landscape habitat pattern. This hypothesis also assumes a hierarchy of
landscapes (or ecosystems), with larger scales predominating, and that landscapes
judged necessary to be managed as reserves are not subject to any further timber
management. If our judgments regarding stand-scale uneven-aged management
treatments are correct, then they may be used to sustain important structural char-
acteristics to support goshawk use within the matrix among reserves, and in other
landscapes where reserves are not needed.
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Where a reserve strategy is used, the size, habitat composition, and geographic
distribution of reserves must be prescribed. Currently, local Tongass data are insuf-
ficient to develop an optimum design, and therefore a combination of the available
data and the concepts discussed here are necessary to guide application of reserve
design. In areas of extensive past timber harvest (i.e., exceeding the 13-percent
threshold shown in tables 26, 27), larger reserves that encompass considerable
productive old-growth forest should most effectively increase goshawk persistence.
In areas where the extent of past timber management is low to moderate, and the
availability of suitable alternative foraging habitats in diverse landscapes and with
a variety of vegetation types is relatively high, smaller reserves may provide per-
sistence probabilities similar to large area reserve systems over the long term.
These hypothesis are based on the following assumptions and observations:

1. Goshawks will obtain some resources from habitats outside reserves when those
outside areas include foraging habitats such as scrub forest (with small inclusions
of productive old-growth forest) and productive old-growth forests not available for
timber harvest.

2. Goshawks will move among reserves dispersed across the landscape when
habitat is not available within the matrix between reserves.

3. In areas with extensive past timber harvest, much of the landscape is now poor
quality habitat for goshawks, and potential sites for reserves (i.e., productive old-
growth forest) are concentrated in large blocks.

One of the most important criterion for selecting a landscape approach to conserve
goshawk habitat is the estimated risk to long-term goshawk persistence. It is import-
ant to consider how potential changes in the way productive old-growth forests are
harvested today may influence choices available for future goshawk management
strategies. If Forest Service management continues even-aged, short-rotation silvi-
culture, then options for a habitat conservation strategy of uneven-aged management
and long-rotation, even-aged management diminish. As these options become less
feasible, the reserve approach becomes an increasingly important management
approach.

Reserves and long timber harvest rotations have complementary roles in minimizing
risk. Reserves provide the means to increase the probability of persistence by pro-
viding high-quality habitats, especially in landscapes where options for long-rotation
silviculture have been lost. The degree to which a reserve network reduces risk
depends on placement, size, and composition, as discussed above. Long rotations
minimize the local intensity of timber harvest and provide a forest age class distri-
bution of stands more favorable to the goshawk. Long rotations maintain the majority
(e.g., over 66 percent) of a landscape in a marginal or suitable habitat cover type for
goshawk habitat use well distributed across a landscape and precludes the need to
explicitly quantify, with insufficient information, the size, spacing and composition
of reserves. However, both strategies can provide opportunities to apply adaptive
management concepts and to learn more about goshawk habitat relations.
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ABSTRACT: More than 300 landslides and debris flows were trig- 
gered by an October 1993 storm on Prince of Wales Island, south- 
east Alaska. Initiation, runout, and deposition patterns of 
landslides that occurred within clearcuts, second-growth, and old- 
growth forests were examined. Blowdown and snags, associated 
with cedar decline and "normal" rates of mortality, were found adja- 
cent to at least 75 percent of all failures regardless of land use. 
Nearly 50 percent of the landslides within clearcuts occurred with- 
in one year following timber harvest; more than 70 percent of these 
sites had hydrophytic vegetation directly above failures. In follow- 
ing the runout paths of failures, significantly more erosion per unit 
area occurred within clearcuts than in old-growth forests on slopes 
with gradients from 9 to 28" (16 to 54 percent). Runout length, con- 
trolled by hillslope position within deglaciated valleys, was typical- 
ly longer in old-growth forests than in second growth and clearcuts 
(median values were 334, 201, and 153 m, respectively). Most land- 
slides and debris flows deposited in first- and second-order chan- 
nels before reaching the main stem channels used by anadromous 
fish. Slide deposits in old-growth forests were composed of a higher 
proportion of woody debris than deposits derived from slides in sec- 
ond growth or clearcuts. 
(KEY TERMS: landslides; debris flows; land use planning; erosion 
and deposition; woody debris; deglaciated valleys; Alaska; anadro- 
mous fish.) 

I N T R O D U C T I O N  

T h e  l i n k  b e t w e e n  m a s s - w a s t i n g  a n d  v a l u a b l e  
d o w n s t r e a m  resources ,  inc luding sa lmonid  hab i t a t s ,  
suggests  a need to assess both the  t r igger ing  mecha-  
n i sms  and  r u n o u t  p a t h s  of these  l ands l ide  events .  
Landsl ides  typical ly  occur in conjunction with major  
s to rms  in m o u n t a i n o u s  t e r r a in  of the  Pacific Nor th-  
west  of the  Uni ted  States.  These  events  are  exacer-  
ba ted  by na tu r a l  factors  such as fire (Krammer ,  1965; 
Rice, 1973; Swanson ,  1981; Benda  and Dunne,  1997; 

B e n d a  et al., 1998), wind  (Swans ton ,  1979; Har r i s ,  
1989; Kramer ,  1997; Nowacki  and Kramer,  1997), nat-  
ural  declines in forest  species (Johnson and Wilcock, 
1997), or by h u m a n  factors  such as c learcut t ing  and  
road bui lding (Bishop and Stevens,  1964; Wu et al., 
1979; Sidle, 1985; Swans ton ,  1991). Previous s tudies  
conducted in the  glaciated t e r r a in  of sou theas t  Alaska  
h a v e  i n d i c a t e d  t h a t  t h e r e  is a t w o -  to f o u r - f o l d  
increase  in landsl ide  f requency  associated wi th  t im- 
ber  h a r v e s t  (Bishop  and  S tevens ,  1964; S w a n s t o n ,  
1974, 1979; Sidle 1985; S w a n s t o n ,  1991; S w a n s t o n  
a n d  M a r i o n ,  1 9 9 1 )  a n d  d e c l i n e  o f  y e l l o w - c e d a r  
(Chamaecyparis  nootkatensis)  (Johnson,  1993, 1997). 

In this  study, charac ter is t ics  of landslide ini t ia t ion 
a r e  p r e s e n t e d ,  i n c l u d i n g  an  a s s e s s m e n t  of  f o r e s t  
hea l th  and  hydro logy  as indicated  by vegeta t ion.  In  
addition, the  volume of mate r ia l  eroded or deposi ted 
along landslide flow pa ths  is examined.  These factors  
are  assessed  for lands l ides  in i t ia ted  du r ing  a single 
s torm event  wi th in  var ious  land use types  inc luding 
o l d - g r o w t h ,  s e c o n d - g r o w t h ,  a n d  c l e a r c u t  f o r e s t s .  
From these  analyses ,  the  under ly ing  factors t h a t  m a y  
exacerbate  the  effects of l and  use on landsl ide occur- 
rence and r u n o u t  are  evaluated.  

STUDY AREA 

Prince of Wales I s land  is about  40 ki lometers  west  
of  K e t c h i k a n ,  A l a s k a  a n d  a t  578 ,000  h e c t a r e s  is 
the largest  is land of the Alexander  Archipelago. The 
l ands l ides  s a m p l e d  occur red  d u r i n g  a s ingle  s t o r m  
on Oc tober  26-27, 1993. More  t h a n  300 i n d i v i d u a l  

1Paper No. 98140 of the Journal of the American Water Resources Association. Discussions are open until October 1, 2000. 
2Respectively, Hydrologist, USDA Forest Service, Pacific Northwest Research Station, 2770 Sherwood Lane, Suite 2a, Juneau, Alaska 

99801; Consulting Engineering Geologist, P.O. Box 34255, Juneau, Alaska 99803; and Student/Hydrologist, Oregon State University, School of 
Forestry, College of Forest Engineering, Corvallis, Oregon 97331 (E-Mail/Johnson: ajohnson/rl0@fs.fed.us). 
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landslides occurred primarily in the central and east- 
ern central portions of the island at approximately 
55°30"N,133°E (Figure 1). 

The island is dominated by rocks of the Alexander 
Terrain, a large accretionary fragment, consisting of 

granodiorites, greywackes, conglomerates, limestones, 
and s a n d s t o n e s •  M e t a s e d i m e n t a r y  m u d s t o n e s ,  
greywackes, shales, slates, metavolcanic diorites and 
granodiorite dominate the study area. Most of the 
bedrock below 1000 m elevation is covered by till 
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Figure 1. The Two Regions of High Landslide Frequency Associated 

with the October 1993 Storm on Prince of Wales Island. 
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associated with the late Wisconsinan glacial advance 
(Swanston, 1969). 

Lands l ides  were  in i t i a ted  in soils der ived from 
glacial till classified as Spodosols (87 percent), and 
regions of exposed rock where soils include Inceptisols 
(10 percent) and Entisols (3 percent). The spodisols 
are sandy with an internal angle of friction of 35 ° and 
an effective cohesion of 8 kPa (Shroeder, 1983). They 
are classified primari ly as typic humicryods,  which 
are moderate ly-wel l  to wel l-drained soils, typically 
greater  than 60 cm in depth. 

Precipitation was recorded in Hollis, central Prince 
of Wales Island. Precipi tat ion for eight consecutive 
days preceding the storm event  ini t iat ing the land- 
s l ides to ta led  approx ima te ly  160 mm. Dur ing  the 
s torm tha t  ini t iated these landslides, an additional 
209 mm of ra in  fell. Weather  s ta t ions  at  sea level 
recorded near freezing conditions, so some wet snow- 
fall and associa ted rapid  snowmel t  also may  have 
occurred. In addition, a 2 percent increase in rainfall 
for every 30 m rise in elevation near Hollis has been 
d o c u m e n t e d  in p r e v i o u s  s t o r m s  ( W a l k o t t e n  and 
Patric, 1967). Personal accounts indicate local periods 
of high intensity rainfall and wind. Storm cells were 
d o c u m e n t e d  in severa l  a reas  nea r  high lands l ide  
activity. The closest wea ther  stat ion that  measured  
wind speeds was located 128 km NE in Petersburg,  
Alaska, where wind speeds of 18.4 m/s were reported. 

The forests on Prince of Wales Island are dominat- 
ed by stands of western hemlock (Tsuga heterophylla), 
Si tka  spruce  (Picea sitchensis), red cedar  (Thuja 
plicata), A l a s k a  y e l l o w - c e d a r  (Chamaecyparis 
nootkatensis), and shore pine (Pinus contorta). Yellow- 
ceda r  decl ine ,  a n a t u r a l  m o r t a l i t y  of o ld -growth  
forests exists in some of the areas. The decline has 
been  assoc ia ted  wi th  change  in soil t e m p e r a t u r e ,  
chemistry, and/or change in hydrology as opposed to 
an association with pests or pathogens (Hennon et 
al., 1990; H e n n o n  and  Shaw,  1997). U n d e r s t o r y  
species include red huckleber ry  (Vaccinium parvi- 
floium), Alaska  b lueber ry  (Vaccinium alaskaense), 
rus ty  menzies ia  (Menziesia ferruginea), and devil's 
club (Opopanax horridus). Skunk cabbage (Lysichit- 
om americanus), and  f a l s e  h e l b o r e  (Veratrum 
eschscholtzii) grow in the wet tes t  areas. Windthrow is 
the dominant forest disturbance (Harris et al., 1974; 
Harris,  1989; Nowacki and Kramer, 1997). Clearcut- 
ring of the old-growth forests has occurred since the 
1950s r e s u l t i n g  in a mosa ic  of c l ea rcu t s ,  second 
growth, and old growth patches. In this study, forests 
are  iden t i f i ed  as old g rowth  if  no h a r v e s t i n g  has  
occurred, second growth if harvested before 1985, and 
clearcut if harvested after 1985. 

METHODS 

A total of 45 landslides were labeled and randomly 
se lec ted  us ing  a r a n d o m  n u m b e r  g e n e r a t o r  f rom 
inventories conducted by the Ketchikan area  of the 
Tongass National  Forest  (Johnson, 1993; Landwehr,  
1993). These inventories were developed through low- 
elevation (less than 300 m) aerial reconnaissance sur- 
veys  and  road  s u r v e y s .  F i f t e e n  l a n d s l i d e s  w e r e  
randomly selected from clearcuts, second-growth, and 
old-growth forests, respectively. We use landslides as 
a descriptive term for all rapid soil failures. Debris 
flows are specified if it was apparent  that  the initial 
fai lure mass  became liquefied as indicated by flow 
deposits. 

Each landslide and debris flow was examined from 
the point  of ini t ia t ion to the point of deposi t ion to 
evaluate initiation, runout, and deposition character- 
istics. Characteristics of the initiation zones included 
land use, indicators of hydrology, plant  disturbance,  
and terrain configuration controlling slope stability. 
Initiation zones were defined as the locations where 
groundwater  seepage converged in subsurface depres- 
sions or "hollows." Head scarps of failures may  have 
migrated upslope following failure, but  for the most 
part ,  init iat ion zones were character ized by a clear 
headwall  and rapid downslope channeling into pre- 
existing gullies, which t ranspor ted  resul t ing debris 
downslope.  Ind ica tor  vege ta t ion  condi t ions  at  the  
immediate vicinity of landslide initiation included the 
presence of blowdown, decayed stumps, standing dead 
trees, cedar decline, split trees, leaning or "pistol but- 
ted" trees (tree t runks bending in downhill direction 
at ground level), logging disturbance, and presence of 
hydrophytic vegetation such as skunk cabbage. Indi- 
cator terrain conditions analyzed included elevation 
at the landslide initiation zone, distance to the ridge- 
line, slope, mean soil depth of failure mass  within the 
failure zone, width of failed soil mass, and eroded vol- 
ume. 

The r u n o u t  of l ands l ides  and debr i s  f lows was  
defined as the affected region between the initiation 
zone and the final deposition zone. Analysis of runout  
inc luded a descr ip t ion  of the  changes  in l and  use  
encountered along the landslide or debris flow path, 
measurements  of runout  widths and lengths, and ero- 
sional and deposi t ional  t rends.  These  t r ends  were  
described for runou t  segments ,  divided and sor ted 
according to slope gradient category. Segment length 
ranged from 3 to 100 m, averaging 28 m with 4 to 21 
segments per landslide. The fraction of total runout  
length occurring per slope gradient  category is pre- 
sented in conjunction with the range of volumes of 
erosion or deposition per unit runout  area. Analysis of 
variance and t-tests were used to statistically analyze 
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differences in erosion or deposition per slope gradient 
category. Differences were judged to be statistically 
significant at P = 90 percent (p = 0.10). 

Final, or terminal  deposits at the end of the land- 
slide runout  tracks were characterized by depositional 
slope, composition, volume, and location. For deposits 
in streams, order and stream type were determined. 
Stream type was defined as Class I if the stream sup- 
ported anadromous fish populations, Class II if sup- 
por t ing  res ident  fish such as cu t th roa t  t rout ,  and 
Class III and IV if without fish populations (USDA, 
1997). Size and number of logs were counted at some 
of the landslide deposits. 

A comparison of woody debris to soil volume ratios 
for clearcuts and old-growth forests was es t imated 
using the following equation: 

A (Tr) Vtr : A (d) 

where, A = area of landslide; Tr = average number of 
trees per area; d = average depth of soil; and Vtr = 
average tree volume. 

From this ratio, comparisons were made between 
old-growth and clearcut forests. Tree densities used in 
this calculation were 255 trees per ha with an average 
volume of 2.2 m 3 per tree, values typical for a produc- 
tive, well drained forest in southeast  Alaska (Rogers 
and van Hees, 1992). Within clearcuts, stump volume 
was assumed to be 1/20 the size of an entire tree, or 
0.11 m 3. Woody debris on the forest  floor was not 
included in this calculation because it varied consider- 
ably across sites. 

RESULTS 

Initiation 

The areas of initiation (head scars) for 40 of the 45 
landsl ides  and debris flows in the  random sample 
were greater than  200 m 2 (volumes greater than 77 
m 3) except one slope failure within clearcut forests, 
and two failures within old-growth and second-growth 
forests. This has been the minimum size consistently 
observed under the old-growth forest canopy of south- 
eas t  Alaska  at  the photographic  scale of 1:12,000 
( S w a n s t o n  and  Mar ion ,  1991). O t h e r  s tud i e s  in 
coastal  regions of Oregon (Oregon D e p a r t m e n t  of 
Forestry, 1998) have found that  the minimum observ- 
able size of landsl ide ini t ia t ion zones under  forest 
canopy was 418 m 2 (roughly 15 by 27 m) using 1:6,000 
and 1:12,000 scale aerial photographs. Although we 
believe our sample is unbiased, we acknowledge that  
some bias toward larger landslides within old-growth 

forests may have occurred. As a result, failure rates 
and volumes per area per landuse were not calculat- 
ed. 

Initiation of landslides was closely associated with 
landforms. At least 40 out of 45 (89 percent) of the 
failures initiated in bedrock hollows (bedrock depres- 
sions where colluvium, woody debris and water  col- 
lect), a phenomenon common in the Pacific Northwest 
(Dietrich and Dunne, 1978). The remainder occurred 
on planar slopes. Till was the primary failure materi- 
al in at least 75 percent of the sites. Slope and soil 
depth at landslide initiation sites were similar for all 
land use types (Table 1). Initiation aspects differed. 
Nine out of 15 of landslides in old growth trended to 
the northeast  and southeast, 11 out of 15 landslides in 
clearcuts occurred on west  and southwest  aspects, 
and 10 out  of 15 of the  l ands l ides  w i th in  second 
growth occurred on south-facing slopes. 

Springs and seepage were found at  most  of the 
landsl ide  scarps at  the soil/till (bedrock) contacts  
(Table 2). Approximately 90 percent of the sites had 
two or three seeps that  converged at the base of the 
bedrock/till hollow. Hydrophytic vegetation was more 
common at clearcut sites (7 out of 15) than  in old- 
growth (3 out of 15) or second-growth (2 out of 15) 
sites. Five of the seven sites within clearcuts having 
hydrophyt ic  vegetat ion were harves ted  less than  a 
year  before the landslides occurred. Root deteriora- 
tion was apparent at 10 but of 15 sites within each of 
the land use types. 

Residual logging disturbance was apparent in 7 out 
of 15 second-growth sites and in 5 out of 15 sites in 
clearcuts, typically in the form of corridors where logs 
were dragged along and across the failure scarp. In 
addition, at several of the sites above the headwall,  
rotten logs directed water to the hollow where failure 
occurred. 

Runout  

At least one-third of the sampled landslides trav- 
eled from one land use type into another  land use 
type, and were thereby affected by road crossings, 
change in woody debris loading, and change in the 
size of standing timber (Figure 2). In lieu of this com- 
plexity, details  of runout  were described solely for 
the landslides tha t  remained consistently within the 
forest type in which they initiated (nine within each 
landuse type). 

The major i ty  of fa i lures  (5 out of 9) wi th in  old 
growth split jus t  below the zone of initiation. These 
landslides split when standing trees (greater than 0.3 
m in diameter) impeded the flow path of the failure 
mass and forced it to shift into several channels. Two 
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TABLE 1. Summary of Landslide Initiation Site Characteristics (n = 15 for each land use type). 

Landuse  Type Mean Value Max imum Min imum 
Standard 
Dev ia t ion  

OLD GROWTH 
Soil Depth (m) 1.2 2.0 0.5 0.5 
Width (m) 19 32 10 6 
Slope (degrees) 38 55 31 7 
Elevation (m) 370 608 172 115 
Distance to Ridgeline (m) 234 701 50 198 
Eroded Volume (m3) 382 855 25 274 

SECOND Growth 
Soil Depth (m) 1.1 2.2 0.4 0.7 
Width (m) 17 49 7 13 
Slope (degrees) 34 45 27 5 
Elevation (m) 256 396 183 85 
Distance to Ridgeline (m) 282 1037 46 296 
Eroded Volume (m3) 633 3952 20 1037 

CLEARCUTS 
Soil Depth (m) 1.2 2.0 0.6 0.4 
Width (m) 13 35 5 9 
Slope (degrees) 36 47 25 6 
Elevation (m) . 391 500 195 83 
Distance to Ridgeline (m) 165 671 61 157 
Eroded Volume (m3) 347 1332 104 322 

TABLE 2. Conditions at Sites of Landslide Initiation (n = 15 per condition per land use type). 

Site  Condi t ion  Clearcuts  Second  Growth  Old Growth  

Blowdown 3 3 8 

Pistol Butted Trees 6 6 7 

Split Trees 1 0 3 

Leaning Trees 2 0 3 

Decayed Stumps and Decayed Snags 9 11 9 

Cedar Decline (CD) 3 0 2 

Standing Dead (other than CD) 1 0 4 

Yarding Disturbance 5 7 0 

Groundwater Seepage 15 13 13 

Hydrophytic Vegetation 7 2 3 

of  t h o s e  f ive  l a n d s l i d e s  t u r n e d  i n to  c h a n n e l i z e d  d e b r i s  
f lows  a n d  f o l l o w e d  p r e - e x i s t i n g  g u l l i e s .  A n o t h e r  t w o  
l a n d s l i d e s  f l o w e d  o u t  o n t o  p l a n a r  s l o p e s  a n d  u p o n  
s p l i t t i n g ,  a p p e a r e d  to  u n d e r c u t  t h e  a d j a c e n t  s l o p e s  
c a u s i n g  a d d i t i o n a l  s l i de s .  O n e  l a n d s l i d e  s p l i t  i n i t i a l l y  
a n d  t h e n  r e t u r n e d  to  t h e  o t h e r  f low p a t h  l e a v i n g  a n  
i s l a n d  of  t r e e s .  O n l y  one  of  t h e  f ive  l a n d s l i d e s  i n v e n t o -  
r i e d  h a d  a m a j o r i t y  of  d e p o s i t i o n  in a s t e e p  c h a n n e l .  
A t  t h i s  s i t e ,  t h e  f low p a t h  c r o s s e d  a s t e e p  (21 °, 37 pe r -  

c e n t )  c h a n n e l  w i t h  a j u n c t i o n  a n g l e  o f  70 °, a n d  t h e  
m a j o r i t y  o f  t h e  f low s t o p p e d  i n  t h e  c h a n n e l .  O f  t h e  
r e m a i n i n g  f o u r  l a n d s l i d e s  t h a t  d i d  n o t  s p l i t ,  t w o  
f l o w e d  i n t o  c h a n n e l s  a n d  t w o  r e m a i n e d  w i d e  a n d  
u n c h a n n e l i z e d .  

U n l i k e  l a n d s l i d e s  in  o l d - g r o w t h  f o r e s t s ,  t h o s e  i n  
s e c o n d  g r o w t h  a n d  c l e a r c u t s  d i d  n o t  sp l i t .  F o u r  o u t  of  
n i n e  l a n d s l i d e s  a n d  d e b r i s  f l o w s  i n  s e c o n d  g r o w t h  
f l owed  i n t o  s t e e p  c h a n n e l s  (> 20 °, 36 p e r c e n t ) ,  t h e  r e s t  
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Figure 2. The Initiation and Runout of Landslides on Prince of Wales Island with Changes in Land Use Indicated. 
Note that  for at least one-third of the landslides, runout passed into a different land use. 

were wide and unchannelized.  All of the landslides 
and debris flows in clearcuts flowed into steep first- 
order through third-  order channels  (>20", 36 per- 
cent). 

The longest runout  segments occurred within old- 
growth forests followed by those in clearcuts and sec- 
ond growth. Five out of nine of the fai lures in old 
growth had large widths (> 20 m) for the first 75 m 
w h e r e a s  on ly  two l a r g e - w i d t h  l a n d s l i d e  w i t h i n  
clearcuts t raveled 25 m before decreasing in width 
( F i g u r e  3d). The  m a j o r i t y  of l a n d s l i d e s  w i t h i n  
clearcuts  had  runou t s  t h a t  in i t ia l ly  were medium 
widths (10-19 m) and did not travel distances exceed- 
ing 400 m (Figure 3c). Small-width landslides within 
second growth, clearcuts, and old growth traveled < 
200, < 300, and < 600 m, respectively (Figure 3b). Two 
failures in second growth star ted with large widths 
and an addi t ional  two lands l ides  became large in 
width. Five runout  segments  from these four land- 
slides had runout  distances exceeding 101 m (Figure 
3d). 

Deposition within the runout  of debris flows and 
landslides occurred on slopes as steep as 38" (78 per- 
cent) in old growth and second growth (Figure 4a). 
Deposition occurred as berms along the flow path and 
piles of soil and woody debris that  had been backed- 
up behind standing trees. For old-growth forests, the 
amount  of erosion was nearly equal to the amount of 

deposition on slopes from 19 to 28" (34 to 54 percent). 
These slopes accounted for thirty-three percent of the 
total runout  distance occurring in old-growth forests 
(from Figure 4d). 

Although landslides and debris flows in old growth 
were generally larger in size than  landslides in sec- 
ond growth and clearcuts, there was more erosion per 
area  in clearcuts than  in old growth. Erosion was 
dominant,  as indicated by median, upper and lower 
quartile values, on slope gradients greater than 29" 
(56 percent) in old growth (Figure 4a) and second 
growth (Figure 4c), and greater than  19" in clearcuts 
(Figure 4b). These slope gradients  accounted for 38 
percent, 29 percent, and 55 percent of the total runout 
lengths ,  respect ively  (Figure 4d). In other  words, 
there was a tendency for more erosion to occur along 
the majority of the runout  lengths within clearcuts. 
Slope gradients from 19 to 23" (34 to 42 percent) had 
significantly more erosion per unit  area in clearcuts 
than  in old growth (t-tests; p = 0.02). On these slope 
gradients, mean erosion was 0.28 m3/m 2 (volume per 
area) in clearcuts (n = 12) while in old-growth (n = 
16), deposition was dominant with a mean volume of 
0.16 m3/m 2. A significant difference was also found on 
9 to 28" (16 to 54 percent) slope gradients (p = 0.08). 
Here, 0.03 m3/m 2 was eroded in clearcuts (n = 50), 
and in old growth (n = 57), 0.15 m3/m 2 was deposited. 
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Figure 3. Landslide Runout Width and Length for: (a) All Landslides Together, (b) Small Width 
Landslides, (c) Medium Width Landslides, and (d) Large Width Landslides. 

Deposition 

Final, or terminal  deposits were located at the end 
of the runout tracks. Maximum and mean deposit vol- 
umes  were l a rge s t  in o ld-growth fores t s  and  the  
smallest in clearcuts (Table 3). The slope upon which 
the final deposits were located ranged from 2.5 to 19" 
(5 to 34 percent). Depositional processes appeared to 
be enhanced by large standing trees (> 0.3 m diame- 
ter), a lack of channelization, and runout  onto road 
surfaces on slopes less than 15" (27 percent). Four of 
the nine landsl ides  and debris flows t h a t  t raveled  
through second growth and clearcuts ended at or near 
roads (Figure 2). 

Twenty  out of 27 t e rmina l  deposits  occurred in 
first-order and second-order stream channels on 4 to 
19' slopes (7 to 34 percent) with a mean of 10" (16 per- 
cent) (Table 4). Two sites (in a clearcut and second 
growth) did not deposit in channels. The remaining 
five slides deposited in third- and fourth-order chan- 
nels on slopes ranging from 2.5 to 9" (5 to 16 percent) 
slopes with a mean slope of 6 ° (10 percent). Two land- 
slides/debris flows in old growth deposited in a fourth- 
order, Class I, or anadromous fish bearing channel. 
Only one of these failures had a major impact on the 
channel by introducing over 100 m 3 of sediment and 
woody debris, while the other slide deposited approxi- 
mately 10 m 3 of sediment and wood. Two debris flows 

deposited in muskeg ponds (wetland bogs or fens) that  
are classified as Class II due to use by resident fish. 
The remainder of the debris flows deposited in Class 
III and Class IV channels without fish. In contrast, all 
of the  l a n d s l i d e s  in c l ea rcu t  and  second-g rowth  
forests deposited in Class III and Class IV channels, 
excep t  for one l a n d s l i d e  in second  g r o w t h  t h a t  
deposited in a Class II stream (Table 4). 

The relative proportion of woody debris to sediment 
in the landslide deposits was greater  in old growth 
than clearcuts. Deposits in clearcuts consisted of sedi- 
ment, woody debris fragments and stumps with root- 
wads, as compared to slides in old growth which were 
composed of sediment, entire trees and woody debris 
fragments.  Slide deposits in old growth often had a 
snout of woody debris on the downward side. Deposits 
in second growth deposits were similar to those in 
clearcuts if the second growth was relatively young, 
and more similar in composition to old growth with 
increasing age. Deposits in old-growth forests had 
from 98 to 300 logs (with diameters from 0.2 to 2.0 m). 
When a large snout of wood existed within a single 
deposit, smaller woody debris and sediment was often 
backed-up behind it. Lacking a large woody debris 
snout, the unimpeded sediment freely moved greater 
distances in the downstream or downslope direction. 

The estimated percentage of woody debris derived 
from 0.25, 0.5, and 1.0 ha landslides and debris flows 
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TABLE 3.Characteristics of Landslide Terminal Deposits (n = 9 for each land use type). 

L a n d u s e  T y p e  M e a n  Value M a x i m u m  M i n i m u m  
S t a n d a r d  
D e v i a t i o n  

OLD GROWTH 

Slope (degrees) 10 19 2.5 5 

Width (m) 26 72 5 24 

Volume (m 3) 756 2649 10 958 

SECOND GROWTH 

Slope (degrees) 13 17 4 10 

Width (m) 21 53 7 14 

Volume (m 3) 514 2268 100 692 

CLEARCUTS 

Slope (degrees) 7 12 3 3 

Width (m) 11 20 5 5 

Volume (m 3) 187 724 13 197 

TABLE 4. Number of Landslide Terminal Deposits Per Stream Order and Stream Class 
[Class I, anadromous fish; Class II, resident fish; Class III and IV, without resident fish 

populations (U.S.D.A., 1997)] with Average Slope Indicated in Parentheses (total n = 27). 

Firs t  O r d e r  S e c o n d  O r d e r  T h i r d  O r d e r  F o u r t h  O r d e r  
L a n d u s e  C las s  IV Class  III C l a s s  II C las s  I 

Old Growth 2 (14", 25%) 3 (8", 12%) 2 (7 °, 12%) 

Second Growth 5 (15", 27%) 2 (6 °, 10%) 1 (7 °, 12%) 

Clearcuts 4 (12", 21%) 4 (10", 18%) 0 

Tota ls  11 9 3 

2 (2.5", 5%) 

0 

0 

2 

with average soil depths of 0.1, 0.2 and 0.5 m indi- 
cates tha t  the proportion of woody debris in a deposit 
was greatest  when landslides derived from clearcuts 
and old growth were large and soils were shallow 
(Figure 5). Landsl ide deposits in old-growth forest 
typically had ten times the woody debris volume of 
deposits originating in clearcuts. 

DISCUSSION 

While our selection of landslides was random, the 
pat tern of land use distribution was not. In southeast 
Alaska, clearcuts are often located in mid-slope and 
upper-slope regions of wide, U-shaped glacial valleys 
whereas areas of remaining old growth typically occur 
in steep V-shaped valleys above clearcuts or in steep 
canyons. In addition, old growth is common on valley 
side-slopes due to economic and regulatory reasons. 
Second-growth sites are generally lower in elevation 

than clearcut or old-growth sites, due mainly to earli- 
er removal  of easily reachable,  h igh value timber. 
These land use pattern differences not only relate to 
d i f ferences  in fores t  hydro logy  and fores t  h e a l t h  
which may be associated with the initiation of land- 
slides, but also affect runout  length. Although it is dif- 
f icu l t  to d i r ec t l y  compare  l a n d s l i d e s  w i t h i n  the  
different landuse types because of differences in hills- 
lope location, some trends are apparent. 

Initiation 

Seven of 15 landslides occurred within one year of 
forest harvest  on clearcut sites, in contrast to the gen- 
eral  2-5 yea r  de lay  found by o thers  (Zeimer  and  
Swanston,1977; Zeimer, 1981; O'Loughlin and Zeimer, 
1982). This difference could be due to the magnitude 
of the storm and site conditions, including the condi- 
tion of roots and preponderance of site sa tura t ion.  
Lands l i de s  in c learcu ts  may  have  been i n i t i a t e d  
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regardless of storm and harvest  t iming due to prehar- 
vest  hydrologic and root conditions predisposing some 
si tes  to failure.  Five out  of seven landsl ide scarps 
within clearcuts having failures within one year  of 
forest  ha rves t  had  a preponderance  of rot ted roots 
tha t  pre-dated harvest  activities and hydrophytic veg- 
etation, specifically skunk cabbage. Skunk cabbage is 
indicative of a high water  table (Minore, 1969) and is 
also wel l -corre la ted  wi th  topographic  convergence 
(area where ground water  concentrates). 

Topographic models such as TOPOG (O'Loughlin, 
1986) and T O P M O D E L  (Beven and Kirkby, 1979) 
quantify the degree to which ground saturation due to 
rising ground water  is possible. These models have 
been l inked to s tab i l i ty  models  (Montgomery  and 
Dietrich, 1994), but  are dependent  on detailed topo- 
graphic scale. Lacking the appropr ia te  topographic 
data, we suggest that  the prevalence of wetland vege- 
ta t ion in conjunction with steep slopes, convergent  
topography,  and bedrock hollows, are indicat ive of 
high landslide potential. These indicators of landslide 
hazard, when combined with a decrease in overstory 
canopy, may markedly alter the magnitude and tim- 
ing of peak pore pressures in convergent topography 
following major rainstorms. For example, in southeast  
Alaska, as much as 22 percent of the rainfall (where 
rainfall for one storm was 203 mm) is intercepted by 
hemlock and spruce forests (Patric, 1966). Loss of for- 
est not only results in a decrease in root strength, but  
also increases  the  amount  of precipi tat ion directly 
reaching the ground, decreases evapotranspirat ion,  
and may decrease the time it takes for the groundwa- 
ter table to rise to the soil surface. 

A reduct ion of root s t rength  as well as a lack of 
overstory vegetat ion may have played a key role in 
triggering some landslides as blowdown, rotted roots, 
or cedar decline occurred on 93 percent of old-growth 
locations, 73 percent of clearcut sites, and 80 percent 
of second-growth forests. Within clearcuts, skunk cab- 
bage was present  on a minority of the landslide sites 
tha t  occurred 2-6 years  post  ha rves t  (13 percent).  
Skunk cabbage was found in 20 percent of old-growth 
sites and in 13 percent of second-growth sites. Fac- 
tors besides topographic control on hydrology, perhaps 
including yarding d is turbance  and changes in root 
strength, may  have triggered these landslides. If all 
other variables are similar, roots have a greater rela- 
tive role in the stability of hillslopes when soil depths 
are shallow (Johnson and Wilcock, 1997). 

Runout and Deposition 

Wide valleys and trellis drainage systems of Prince 
of Wales Island, characteristic of glaciated systems, 
con t ro l l ed  p a t t e r n s  of r u n o u t  and depos i t ion .  In 
this recently deglaciated landscape, channel develop- 
ment  is relatively young (generally less than 10,000 
ybp), compared to older, nonglaciated landscapes in 
Oregon and California where drainage systems are 
dendritic. A comparison of measured  and predicted 
runout  lengths with corresponding change in eleva- 
tion for both of these  landscapes  (Benda, personal  
communica t ion ;  Mon tgomery  and Dietr ich,  1994) 
indicates tha t  in nonglaciated systems the average 

J A W R A  26 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 



Landslide Initiation, Runout, and Deposition Within Clearcuts and Old-Growth Forests of Alaska 

runout  slope is approximately 14 ° (25 percent) where- 
as it is approximately  23 ° (42 percent) in glaciated 
systems. Linear relationships for change in elevation 
and r u n o u t  length  ind ica te  d i f fe rences  in r u n o u t  
t rends  for landsl ide occurring within different geo- 
morphic regions (Figure 6). 

Channel  g rad ien ts  at  landsl ide  deposi ts  ranged 
from 3 to 19 ° (5 to 34 percent); a higher range than 
tha t  found in Oregon, California, and J apan  where  
depositional slopes range from 1 to 10 ° (2 to 18 per- 
cent) (Ikeya, 1981; Benda and Cundy, 1989). Benda 
and Cundy  (1989) found t ha t  deposi t ion typical ly  
occurs on 8 ° (14 percent)  slope gradients  in third- 
order channels and 1 ° slope gradients  in fifth-order 
channels .  In Alaska,  deposi t ion occurred on slopes 
averaging 10 ° (18 percent) in first-order and second- 
order channels. Differences in deposition location may 
be due to the lack of channel confinement in Alaska 
as compared to other regions. The rapid decrease in 
low-order s t ream gradients found in Alaska as com- 
pared a gradual decrease in channel gradients else- 
w h e r e ,  m a y  a lso  c o n t r i b u t e  to h i g h e r  s lopes  of 
deposition. In both areas, higher depositional slopes 
may  be a t t r ibuted to lower water  content (Johnson, 
1984), increased woody debris content, higher angle 
t r ibutary junctions, and/or smaller basin area (Ikeya, 
1981; Benda and Cundy, 1990). 

Because  the  locat ion of lands l ide  occurrence is 
associated with landscape form, the location of any 
par t icular  land use within a landform affects both 
occurrence and deposition of landslides. Slides in old- 
growth forest tend to deposit within a range of s tream 

orders whereas slides in second growth and clearcuts 
tended to deposit in lower order (higher class) chan- 
nels within the valley floor. Slides in second growth 
and clearcuts tended to flow from the slopes of wide 
U-shaped valleys and deposit in valley floors, likely 
because they lacked the momentum to reach the high- 
er order, lower gradient mainstem channels. All of the 
lands l ides  t ha t  moved into h igher  order  channels  
occurred in s teeper  portions of the  landscape more 
dendritic in form. The difference in erosion and depo- 
sition processes within runouts was largely due to the 
effect of large s tanding trees in old-growth and sec- 
ond-growth forests that  blocked the flow of oncoming 
debris. In addition, sediment and woody debris were 
b a c k e d - u p  beh ind  large  fa l len  logs in o ld-growth  
derived deposits. 

The size and pat tern  of deposits of fine sediment 
and large woody debris can impact  fisheries habi tat  
(Swanson  and L ienkaemper ,  1978; Bisson et al., 
1992). While the  major i ty  of l ands l ide /debr i s  flow 
deposits do not reach higher order, main stem chan- 
nels (habitat for many anadromous fish populations), 
the composit ion of deposi ts  has  impor tan t  implica- 
tions for fisheries habitats.  First, large woody debris 
retained temporarily in deposits and released during 
subsequent  storms is an impor tant  source of woody 
debr is  r e c r u i t m e n t  to s t r e a m  channels .  Secondly, 
steep tr ibutaries that  are contiguous with main stem 
channels  provide debris  and sed iment  rec ru i tment  
conduits.  Third, main  and t r i bu t a ry  channels  may  
be par t icular ly  sensit ive to inputs  of fine sediment  
introduced from channels flowing across and through 
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landslide deposits - particularly if the sediment is not 
backed-up behind woody debris. This lack of back-up 
is the  typical  case for lands l ides  occurr ing wi th in  
c learcuts .  These  impl ica t ions  sugges t  t ha t  under-  
standing the recruitment and storage of sediment and 
large woody debris in time and space at a landscape 
scale is essent ia l  to in te rp re t ing  the var iabi l i ty  of 
landslide impacts within a watershed context (Benda 
et al., 1998). 

CONCLUSIONS 

E x a m i n a t i o n  of a r a n d o m  sample  of l ands l ides  
within a deglaciated landscape in southeast  Alaska 
indicated  tha t  na tu ra l  si te conditions,  ev idence  of 
pas t  blowdown, and hillslope position largely deter- 
mined locations of landslide initiation and position of 
final deposition. We found that  89 percent of initia- 
tion sites had rot ted roots,  convergent  topography, 
evidence of blowdown, and wetland vegetation which 
predated any human-related disturbances. Runout of 
landslides appeared to be affected by drainage pat- 
tern.  A trellis form, typical  of glaciated te r ra in  in 
southeast  Alaska, tended to induce deposition in first- 
or second-order channels  in wide U-shaped valleys 
with slopes averaging 9" (18 percent), leaving main 
stem channels unaffected. Less typically, debris flows 
crossed mainstem channels at 90" angles. In contrast, 
the uppermost regions of glaciated systems, as well as 
the  d e n d r i t i c  d r a i n a g e  s y s t e m s  c h a r a c t e r i s t i c  of  
nonglaciated systems,  typical ly had longer runouts  
and a lower average depositional slope. This feature 
was due to the existence of acute angles at  s t ream 
junct ions and gradual  slope change encountered as 
the  debris  flows moved into higher order channels  
from lower order channels. 

When effects of clearcutting were superimposed on 
na tura l  site conditions, several  factors appeared to 
contribute to the enhancement  or suppression of land- 
slide and debris flow impacts. These factors included 
an increase in triggering mechanisms associated with 
loss of forest canopy and loss of soil strength due to 
root cohesion. In addition, there was a significant dif- 
ference in erosion and deposit ion characteris t ics  of 
runout  due to loss of the roughness effects provided 
by s tanding  trees.  For example,  on slopes ranging 
from 19 to 23" (34 to 42 percent), erosion (with a mean 
of 0.28 m3/m 2) was  d o m i n a n t  in r u n o u t  pa th s  of 
debris  flows in clearcuts while deposition (mean of 
0.16 m3/m 2) was dominant  in old growth. Different 
pat terns  of erosion and deposition may have affected 
co m p os i t i on  of f ina l  d e p o s i t s  in old g rowth  and 
clearcut stands. To illustrate, we estimated that  the 
composition of deposits originating from old-growth 

forests  had five t imes the woody debris  volumes of 
deposi t s  or iginat ing from clearcuts .  Lacking large 
woody debris volumes, fine sediment  from clearcuts 
tended to migrate further down tr ibutary channels to 
the  receiving main  s tem channels ,  possibly to the 
detr iment of anadromous fish habitats.  

Before an understanding of the effects of land man- 
agement  on landsl ide ini t iat ion and runout  can be 
developed, the  under lying rout ing of sediment  and 
large woody debris need to be understood in a land- 
scape context. In the glaciated sys tems of Prince of 
Wales Island, most deposits from landslides or debris 
flows do not immediately reach main stem channels 
t ha t  are  impor t an t  h a b i t a t s  for a n a d r o m o u s  fish. 
Hence, management  of this habitat  will benefit from 
an u n d e r s t a n d i n g  t h a t  des i r ab l e  levels  of woody 
debris may occur as a result  of recruitment from nat- 
ural  hillslope fai lure routed through the few steep 
reaches  cont iguous to the  main  stern channels.  In 
addit ion to these inputs,  woody debris  recrui tment  
occurs as a result of direct inputs from riparian forest 
adjacent  to the main s tem channel and as a result  
f rom r e c r u i t m e n t  f rom t r i bu t a r i e s .  I n p u t  mecha-  
nisms, in addition to landslides, include blowdown, 
bank erosion, and inputs due to forest mortality; nat- 
ural  processes largely controlled by topography and 
c l imate .  Final ly,  m a n a g e m e n t  p lans  m a y  benef i t  
through the acknowledgement and integration of his- 
torical correlations between these natural ly occurring 
disturbance processes and the habitats  they create. 
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