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The Importance of Wetland Carbon Dynamics to Society: Insight
from the Second State of the Carbon Cycle Science Report

Randy Kolka', Carl Trettin?, and Lisamarie Windham-Myers?

ABSTRACT

The Second State of the Carbon Cycle Report (SOCCR?2) culminated in 19 chapters that spanned all North
American sectors — from Energy Systems to Agriculture and Land Use — known to be important for under-
standing carbon (C) cycling and accounting. Wetlands, both inland and coastal, were found to be significant
components of C fluxes along the terrestrial to aquatic hydrologic continuum. In this chapter, we synthesize the
role of wetlands in the overall C footprint of North America (from Canada to Mexico) as one metric of the
societal values placed on these terrestrial-aquatic interfaces. We also summarize the effects of management
activities and climate change on the wetland C cycle and give some perspectives on the current and future impor-

tance of wetlands to society.
24.1. INTRODUCTION

24.1.1. Why Wetlands and Their Carbon Balance are
Important to Society: We Have Come a Long Way

While North America was being settled in the 1800s
and early 1900s, society viewed wetlands as unproductive
areas that were breeding grounds for diseases and imped-
iments to transportation and development. As a result,
for about the first 150 years after settlement, wetlands
were drained for agriculture and urban development to
make these areas more productive for society. Drained
wetlands are generally very productive because of the
high concentration of organic matter and nutrients in
the soil. By the mid-1900s, we were beginning to see the
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effects of wetland drainage on both inherent wetland
functions and on the larger landscape. We know now that
wetlands provide many ecosystem services for society,
including critical habitat for many rare species, water
storage for flood prevention, filtration of nutrients, pol-
lutants, and sediment, and C sequestration and storage
(Box 24.1). Presently, we have approximately 47% of our
historical wetland acreage in the conterminous US, with
much of that lost in the Midwest (~85%) due to wetland
drainage and conversion to agriculture (Dahl & Stedman,
2013). Current relatively small losses in the US are a
result of vegetation clearing, drainage, and compaction
from roads and parking lots (USEPA, 2016), while losses
in Canada are mainly from land conversion to agriculture
or urban environments or flooding due to hydroelectric
power (Federal Provincial and Territorial Governments
of Canada, 2010). In Mexico, current losses are also a
result of agriculture either by draining for crop produc-
tion or flooding for aquaculture (De Gortari-Ludlow
et al., 2015). Our more recent understanding of the soci-
etal values of the ecosystem services that wetlands pro-
vide has led to a number of important polices to conserve
and restore wetlands. For example, the US instituted a
policy of “no net loss” of wetlands in 1989. This policy
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Box 24.1 Relevance of the wetland carbon cycle to the provision of ecosystem services.

Carbon Cycle Process /

Soil Condition Ecosystem Services

Explanation

Carbon sequestration
Wildlife habitat
Shoreline stabilization
Water quality

GHG emissions

Anaerobic soils

Fisheries
Waterfowl

Dissolved organic
carbon export
Carbon storage Reduction in atmospheric

carbon dioxide
Soil Accretion Storm surge attenuation
Sea-level rise mitigation

Forest and agricultural products

Growth and development of wetland vegetation
communities.

Microbial mediated processes provide for removal
of pollutants, and they also mediate the
greenhouse gas emissions from the wetland.

Organic matter developed in the wetland is
integral to the downstream food chain supporting
waterfowl and fisheries.

A higher proportion of the carbon accumulated in
wetlands is sequestered compared to upland
ecosystems

Soil elevation gain due to organic matter
accumulation increases shoreline resiliency.

has led to wetland banking programs by which if wetland
area is lost, a comparable or greater area of functional
wetland needs to be restored. Similarly, in Canada the
Federal Policy on Wetland Conservation (Canadian
Wildlife Service, 1991) encourages no net loss of wetlands.
Also, in 2014, the Natural Protected Areas Commission
of Mexico declared a national policy designed to protect
wetlands and lessen losses. Moreover, international
polices such as migratory bird agreements, in particular
for waterfowl, between the US, Mexico, and Canada
include wetland protection policy (North American
Waterfowl Management Plan, 2012).

Carbon is the currency of many ecosystem services and
the wetland carbon cycle is inextricably linked to the
global carbon cycle and global change. Wetlands, espe-
cially terrestrial wetlands, are disproportionately impor-
tant as C sinks in North America, and the world. For
example, globally peatlands (organic soil wetlands) only
occupy about 3% of the terrestrial area of the planet but
contain 30% of soil C pools (Gorham, 1991). When com-
paring rates of C sequestration per unit area in North
America, terrestrial wetlands are 11 times more efficient
than grasslands and approximately 125 times more effi-
cient than forests. Tidal wetlands are also efficient sinks
for C with high rates of C sequestration. For wetlands to
persist as C sinks mitigating C sources from the burning
of fossil fuels, we need to continue to preserve and restore
wetland functions and better understand how the wet-
land C sink will be influenced by climate change.

The Second State of the Carbon Cycle Report
(SOCCR?2) assessed the C footprint of North America,
specifically the United States, Canada, and Mexico

(USGCRP, 2018). The North American C budget is the
net balance between the release (i.e., source) or storage
(i.e., sink) of C by all North American sectors. Although
there are a number of greenhouse gases (GHGs), carbon
dioxide (CO,) and methane (CH,) are the important
GHG:s related to the C balance, with CH, having approx-
imately 32 times the global warming potential of CO,
over 100 years (Neubauer & Megonigal, 2016). Here we
summarize the tidal and inland wetland findings from
SOCCR?2, discuss the effect of management and restora-
tion on wetland C cycles, and provide some example
studies assessing the effect of climate change on wetlands.
We end by providing some perspective on the hurdles we
still face in understanding wetland C cycles and the
knowledge gaps that still exist that would help us better
understand the role of wetlands in future global C cycles
and feedbacks on climate change.

24.2. SUMMARY OF FINDINGS FROM SOCCR2

Wetlands in North America cover a wide range of loca-
tions with varied hydrology, climate, soils, and vegetation
(Fig. 24.1). While current wetland distribution is small in
area (< 2% of land cover), they are spatially extensive,
ranging from inland (or terrestrial) wetlands (e.g., bogs,
fens, swamps, pocosins, Carolina bays, playas, riparian
wetlands, etc.) to tidal (or coastal) wetlands (e.g., salt
marshes, tidal marshes, freshwater tidal marsh, freshwater
tidal forest, mangroves, etc.). Terrestrial wetlands in
North America represent 37% of global wetland area,
with an estimated 2.2 million km? (Lehner & Déll, 2004).
The soil plus vegetation C pool of North American ter-
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Figure 24.1 Map of North American wetlands (Source: Lehner & D&ll, 2004). The 0-25% wetland category
represents a mix of different wetland types where the authors could not identify a clear spatial coverage.

restrial wetlands is about 161 Pg of C, similarly represent-
ing roughly 36% of the global wetland C pool (Kolka
etal., 2018). At about 55% of the total terrestrial wetland
area, forested wetlands are more abundant in North
America than non-forested wetlands, with most forested
wetlands occurring in Canada. Also of importance,
North American peatlands (organic soil wetlands),
regardless of vegetation type, occupy approximately 58%
of the total terrestrial wetland area but contain 80% of
the overall C pool. From a GHG flux perspective, North
American terrestrial wetlands are also disproportionately
important as an annual sink of CO, of about 123 Tg C as
CO,/yr, with much of that occurring in forested wetlands
(~53%) (Fig. 24.2). Although a large sink for CO,, terres-
trial wetlands are also the largest natural source of CH,
in North America, with mineral soil wetlands emitting
56% of the total of 45 Tg C as CH,/yr (Kolka et al., 2018).
Within the conterminous US mineral soil wetlands

constitute 79% of the terrestrial wetland area, but account
for only 39% of the ecosystem C pool (Table 24.1); this is
because peatlands have a much greater carbon density
than mineral soil terrestrial wetlands.

Tidal wetlands are broadly distributed throughout the
North American coastline, but these wetlands differ with
respect to their ontology, hydrology, and biogeochemistry
compared to terrestrial wetlands. These wetlands include
both freshwater and saltwater systems, and are collec-
tively recognized as blue carbon, reflecting C storage and
dynamics in tidally mediated wetlands. In the contermi-
nous US, they represent a far smaller area (38,609 km?)
and C pool (1,100 Tg to 1 m depth) (Table 24.1) but sus-
tain some of the highest rates of annual atmospheric CO,
uptake (27 * 13 Tg/yr), while emitting very little CH,
(~0.7 Tglyr) (Fig. 24.3). Mean tidal wetland soil C pools
(27.0 £ 13.1 kg C to 1 m depth) are ~100-fold greater than
their mean vegetation pools (0.21 + 0.2 kg C/m?), and are
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Figure 24.2 Terrestrial wetland carbon pool and CO, and CH, fluxes in North America (Source: Kolka et al., 2018).

Table 24.1 Ecosystem carbon pool (to a depth of T m) and net CO, and CH, flux in terrestrial and coastal wetlands in the

conterminous US

Area Ecosystem Carbon Pool Carbon Flux
Wetland Type (km?) (Pg Q) CO, (Gg Clyr) CH,-C (Gg Cfyr)
Terrestrial Wetlands — Mineral Soils
Forested 173,091 3.3 -11.6 £8.2 4.7 +2.8
Non-forested 138,381 1.9 -14.1 +9.5 36+1.0
Terrestrial Wetlands — Organic Soils
Forested 40,823 4.4 -4.9 + 3.8 04+04
Non-forested 42,903 3.9 -5.8 +3.6 1.0+0.3
Tidal Wetlands
Freshwater Marsh 2,234 0.06 na na
Freshwater Forested 3,257 0.09 na na
Brackish — Saline Marsh 19,809 0.53 na na
Mangrove 13,309 0.42 na na

(Sources: Kolka et al., 2018; Windham-Myers et al., 2018).

not well predicted by primary productivity, vegetation
type, salinity class (fresh or saline waters) or climate
zones, either by latitude or region (Byrd et al., 2018;
Holmquist et al., 2018; Windham-Myers et al., 2018).
Approximately 51% of the coastal wetlands are brackish
saline salt marshes, contributing 48% of the ecosystem C
pool (Table 24.1). The C density is highest in mangrove
ecosystems, with little difference between the salt marshes
and tidal freshwater wetlands. Because more than 40% of
human populations are located within 100 km of the
coast (Kummu et al., 2016), these tidally maintained soil
C pools are particularly vulnerable to human influences,
in addition to ocean-driven erosional forces.

Historical wetland loss across inland and coastal wet-
lands was unprecedented following European settlement,
but current wetland losses are much lower with creation
and restoration of wetlands nearly offsetting those wet-
lands lost as a result of development and agriculture
(Hanson, 2006). Even though the overall wetland area of
North America is not changing considerably, extant wet-
lands appear to be losing important functions, especially
those restored or otherwise disturbed but still meeting the
criteria of a wetland (e.g., C storage), (Nahlik &
Fennessy, 2016). Also, there is little information on how
restoration, creation, or disturbance affect the long-term
storage of soil C and the associated balance between
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emissions of CO, and CH,. Understanding those rela-
tionships would be extremely helpful for modeling terres-
trial GHG emissions and C storage across anthropogenic
disturbance gradients.

24.2.1. Wetland Carbon Cycling at a Landscape Scale

Terrestrial wetlands play a critical role in the overall
land sector C balance, accounting for a net sink of atmo-
spheric C of approximately 82 Tg C/yr (~ 126 Tg C sink
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Figure 24.3 Total carbon budget of North American coastal
waters including + 2 standard errors (Source: Windham-Myers
etal, 2018).

of CO,, 44 Tg C source of CH,). At a continental scale,
that compares to other ecosystem sectors that are sinks
of Cincluding Forests (217 Tg C/yr of CO,), Agriculture
(15 Tg Clyr of CO,), and Grasslands (25 Tg C/yr of CO,).
In the case of the Forest sector, 124 Tg C/yr of CO, of the
217 Tg Clyr of CO, is offset annually from emissions
attributed to wood products (difference is 93 Tg Clyr of
CO, for the Forest sink) which overall is comparable to
the terrestrial Wetland sector sink even though wetlands
only occupy approximately 0.3% of the area of forests.
Tidal Wetlands and Estuaries are also C sinks of ~17 Tg
Clyr of CO,, and Permafrost and Arctic Areas of ~ 14 Tg
Clyr of CO,. All the ecosystem sinks, including near
shore oceans (160 Tg C/yr of CO,) account for 766 Tg C/
yr of CO, which is more than offset by the burning of
fossil fuels annually (1,774 Tg C/yr of CO,), indicating
that North America is still a large source of C to the
global budget (USGCRP, 2018).

Within the aquatic continuum (from terrestrial wet-
lands to the coastal ocean), wetlands serve as significant
sources of C transported as lateral fluxes between
landscape components, especially in dissolved forms, such
as DOC (dissolved organic carbon) and DIC (dissolved
inorganic carbon (Fig. 24.4). From terrestrial wetlands,
the DOC flux is usually the largest of the two fluxes and is
a source of C, and associated nutrients and pollutants, to
both surface waters and groundwater. Incorporating C
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Figure 24.4 Total carbon budget of the terrestrial to aquatic continuum in North America. Fig. 24.2 represents the
Terrestrial Wetlands component of Fig. 24.4 and Fig. 24.3 represents the Tidal Wetlands component of Fig. 24.4
(compilation from SOCCR2 chapters by Butman et al., 2018; Fennel et al., 2018; Kolka et al., 2018; Windham-

Myers et al., 2018).
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into soils and sediment (i.e., burial) along the aquatic con-
tinuum is also an important process when considering the
overall balance from wetlands to inland waters through
estuaries and into the ocean (Fig. 24.4). For tidal wet-
lands, DIC is the dominant export to estuaries and coastal
waters. For North America, terrestrial wetlands are a sink
of 82 Tg Clyr of CO, with approximately 48 Tg C/yr of
CO, of that C buried and 16 Tg C/yr of CO, transported
downstream to inland waters. Inland waters have consid-
erable upland inputs (491 Tg Clyr of CO,) in addition to
wetland inputs, emitting 247 Tg C/yr of CO, leading to a
burial of 155 Tg Clyr of CO,, and contributing 105 Tg C/
yr of CO, to coastal estuaries. Tidal wetlands are also
connected to coastal estuaries providing 16 Tg Cl/yr of
CO,, following the uptake of 27 Tg C/yr of CO, and burial
of 9 Tg Clyr of CO, with a net change of 2 Tg C/yr of
CO,. Aquatic components (subtidal, open water) of estu-
aries are a small source of carbon to the atmosphere (10
Tg Clyr of CO,) and have small burial rates (5 Tg C/yr of
CO,) but are a large source of lateral C transport to the
coastal ocean (106 Tg Cl/yr of CO,). Coastal oceans are
large sinks for C from the atmosphere (160 Tg C/yr of
CO,) and have high burial rates (65 Tg C/yr of CO,) but
are also large sources of C (151 Tg C/yr of CO,) to the
open oceans (Fig. 24.4).

24.3. MANAGED WETLANDS AND THE
CARBON CYCLE

Wetlands may be managed for one or more of their
inherent ecosystem services, as well as for the provision of
new services, for example crop production. Management
actions that change the hydrology, soils, or vegetation will
affect C dynamics, and can often lead to enhanced decom-
position, decreased CH, flux, and less C sequestration,
particularly when wetlands are drained. In contrast, res-
toration of drained wetlands may increase C sequestra-
tion and the production of GHGs, as is observed in
impounded tidal wetlands. Here we synthesize the
principal interactions of management activities, which
encompass direct uses including agriculture, forestry,
urbanization, and restoration, on the wetland C cycle,
emphasizing the relevance to societal values.

24.3.1. Agriculture

Once drained, wetland soils are often well poised to
support crop production because of their high C and
nutrient content, and thus agriculture has been the cause
of the majority of the wetland losses in the US. The soil
pool of those converted wetlands is reduced significantly
as a result of the drainage and cropping systems (Bedard-
Haughn et al., 2006; Bridgham et al., 2006; Euliss et al.,
2006; Gleason et al., 2008, 2009; Tangen et al., 2015).

Here we consider the effects of agricultural use on the C
balance of intact wetlands that are either used for
cropping or grazing, or those that are inextricably linked
to agricultural activities adjoining or surrounding them.

Wetlands within or adjacent to agricultural fields
receive sediment, nutrients, and agrichemicals through
wind and water erosion. Runoff from adjacent crop lands
tends to be greater than grass lands (Euliss & Mushet,
1996; van der Kamp et al., 1999, 2003). Sedimentation
into the wetland is a primary effect of the agricultural
runoff, which may result in the burial of wetland surface
soils (Martin & Hartman, 1987; Tangen & Gleason, 2008).
Nutrient-enriched runoff from agricultural lands may
also increase GHG emissions in receiving wetlands
(Hefting et al., 2003; Helton et al., 2014). With respect to
cropping within the wetland, production of rice is a
significant source of atmospheric CH, (Minarni, 1994;
Shearer & Khalil, 2000) due to extended periods of inun-
dation and the application of fertilizers. Similarly, sugar
cane production may reduce soil C pools due the use of
drainage systems (Baker et al., 2007).

Livestock grazing can directly impact wetlands through
biomass removal, soil compaction, erosion, introduction
of exotic species, and deposition of waste (Morris &
Reich, 2013). However, whether grazing increases or
decreases soil C and nitrogen (N) varies considerably, and
in most cases depends on the location of the study and
the grazing management system (Li et al., 2011). For
example, in coastal salt marshes, livestock grazing reduces
plant biomass, but reported effects on soil C differ with
no effect reported for Europe and reductions reported in
North America (Davidson et al., 2017). Studying the
effects of grazing and burning on a northern peatland,
Ward et al. (2017) indicated reductions in aboveground
biomass for both treatments, but the soil C content to a
depth of 1 m was not affected.

24.3.2. Forest Management

Forested wetlands may be managed for a variety of
commercial and non-commercial uses. Those management
practices may affect wetland functions and the C cycle as
a result of harvesting, roads, site preparation, and minor
drainage. Most of the disturbances associated with silvi-
cultural practices occur infrequently (e.g., once in a rota-
tion, 30-100+ years), and effects on wetland functions
are commonly either benign or ephemeral. Changes in
the hydrologic regime and vegetation composition of the
managed forest are the two principal factors affecting the
C pools and turnover in managed wetlands.

Harvesting results in the removal of the forest over-
story vegetation, hence a direct and immediate reduction
in the aboveground C pool. However, that change is tem-
porary, with recovery rates depending on the inherent
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productivity of the site and management practices. A
comparison of logging practices in bottomland hard-
woods did not show a deterioration of hydric soil
processes (Aust et al., 2006; McKee et al., 2012). In
another bottomland hardwood study, the regenerating
forest exhibited higher levels of productivity than the
mature stand (Lockaby et al., 1997).

Site preparation involves practices to facilitate regener-
ation of stands. In forested wetlands, site preparation
may include treatments that reduce wetness in the upper
soil such as bedding or mounding. In both those
treatments, an elevated planting site is created either by
the formation of a continuous bed using a plow, or a
mound using an excavator. The objective of the
prescription is to increase the aerated soil volume, which
improves seedling survival, but it also results in an
increase in organic matter decomposition and nutrient
cycling (Grigal & Vance, 2000; Trettin et al., 1996).
However, studies in the cold-temperate zone of Michigan
(Trettin et al., 2011) and subtropical coastal plain of
South Carolina (Neaves et al., 2017a) have shown the dis-
turbance effect on soil C to be relatively short (e.g., < 20
yr). A factor contributing to the recovery of the soil C
pool is that tree productivity tends to be higher on the
bedded sites (Neaves et al., 2017b).

Minor drainage may also be used as a means to mitigate
soil disturbance during logging operations and to improve
seedling survival and tree growth. However, a stipulation
for use of minor drainage for silvicultural operations in
the US is that it should not compromise the jurisdictional
status of the wetland; hence, wetland hydrology should
remain intact, albeit modified. As the hydrologic controls
on C cycling in forested wetlands are well established
(Trettin & Jurgensen, 2003), changes in mean water table
depth and periods of high-water table or inundation do
have an effect on C pools, as well as GHG emissions. The
lowering of the water table typically results in an increase
in organic matter decomposition and a reduction in the
soil C pool (Laiho, 2006), especially if drainage is improp-
erly installed or maintained. Correspondingly, CO, emis-
sions increase and CH, emissions decline (Couwenberg
et al., 2009; Moore & Knowles, 1989; Nykénen
et al., 1998). Seedling survival and early stand growth may
be improved through the use of minor drainage (Fox
et al., 2004; Skaggs et al., 2016), and enhanced produc-
tivity on boreal peatlands has been shown to increase the
soil C pools (Minkkinen et al., 1999).

Forested coastal wetlands include mangroves (saline
tidal forest) and swamps (tidal freshwater). Mangroves
are confined to saltwater while tidally influenced swamps
have forest communities similar to their non-tidal coun-
terparts. There is a lack of information on the effects of
harvesting of tidal forested freshwater wetlands; the area
of actively managed land is small given the overall area

of this wetland type. However, these lands are sensitive to
salinity, which can change as a result of sea-level rise
resulting in the conversion of forest to marsh (Krauss
et al., 2018). In contrast, mangroves are expanding pole-
ward due to climate warming, effectively displacing salt
marshes (Saintilan et al., 2014).

24.3.3. Urbanization and Development Activities

Urbanization and development activities were the pri-
mary cause of wetland loss in the US during 1992-1997
(NRCS, 2001). The loss is typically a result of draining
and filling the wetland such that the wetland conditions
no longer prevail. As a result, the C-related functions
cease, and their removal from the landscape adversely
affects water quality, plant and animal diversity, and water
storage (Faulkner, 2004; Lee et al., 2006). Wetlands within
or adjoining urban areas provide important functions that
are inextricably linked to the C dynamics within the wet-
land, which may be valued higher in the urban setting
than in an undeveloped landscape (Ehrenfeld, 2000).
Those wetlands may provide storage for runoff waters
thereby reducing flooding, and they support biogeochem-
ical processes that help to mitigate chemical contaminants
(e.g., hydrocarbons, fertilizer, pesticides) and sediments in
the runoff, thereby functioning to improve downstream
water quality (Mitsch & Gosselink, 2015). Urban wet-
lands may also be degraded due to the volume or toxicity
of chemical constituents entering the system.

The blue carbon of coastal wetlands is inextricably
linked to other ecosystem services. Those wetlands are
threatened by a range of factors from development to dis-
turbances from coastal storms (Dahl & Stedman, 2013).
Wetlands that are poised at elevations within the tidal
frame may experience tidal restrictions both actively (dikes,
levees) and passively (transportation corridor and cul-
verts). Approximately 30% of saltwater wetlands are esti-
mated as having an altered hydrologic regime, either drier
(drained) or wetter (impounded), which influences biogeo-
chemical processes and C dynamics (Kroeger et al., 2017).

24.3.4. Restoration

Wetland restoration is a means to re-establish or
enhance wetland functions. It is fundamental to achieving
the no net loss goal of the US, and it is widely used else-
where as well. Adaptive management is the key to
successful wetland restoration projects (Stelk et al., 2017).
Wetland restoration practices typically focus on modifi-
cations of the site hydrology and re-establishment of
hydrophytic vegetation, actions with direct implications
to the wetland C cycle.

Restoring wetlands has been found to reverse the loss
of soil C from drainage (Jarveoja et al., 2016). For
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instance, restored mineral soil wetlands in central
New York accumulated 0.74 Mg C/ha/yr over a 55-year
period (Ballantine & Schneider, 2009). Guidelines from
the Intergovernmental Panel on Climate Change for min-
eral soil wetlands state that cultivation leads to losses of
up to 71% of the pre-cultivation soil organic C pool in the
top 30 cm of soil over 20 years and that restoration
increases post-cultivation depleted soil C pools by 80%
over 20 years, and by 100% (i.e., relative to pre-cultivation
pools) after 40 years (Wickland et al., 2014). An increase
in soil C is also regularly measured after restoring organic
soil wetlands (Lucchese et al., 2010). In contrast, restora-
tion of drained wetlands may increase production of
GHGs, as is observed in impounded tidal wetlands
(Windham-Myers et al., 2018).

Wetland restoration typically lowers DOC export from
wetlands (Strack & Zuback, 2013); however, there may be
an initial flush after restoration activities. Rewetting or
creating freshwater wetlands may increase CH, emissions
(Badiou et al., 2011; Strack & Zuback, 2013), although
some studies have found that restoration did not increase
CH, emissions (Richards & Craft, 2015). Methane
emissions appear to be especially high in restored wet-
lands located in agricultural settings or in deep water
areas with emergent vegetation (Schrier-Uijl et al., 2014;
Strack & Zuback, 2013). In the long term, the climate
benefits of increasing soil C sequestration through
restoring degraded wetlands appears to be a positive for
GHG mitigation (Strack & Zuback, 2013), especially in
saline tidal wetlands where the presence of sulfate in
floodwater suppresses CH, production (Poffenbarger
etal., 2011). However, it should be noted that most of the
assessments of C dynamics in restored wetlands have
been done within a few years following restoration (e.g.,
< 5 yrs), hence the rate of change of C sequestration in
restored wetlands may be expected to change as the eco-
system matures (Anderson et al., 2016). At the landscape-
scale in Florida, an increase in wetland area significantly
enhanced soil C storage (Xiong et al., 2014), reflecting
the inherently higher C density in wetlands as compared
to uplands and/or drained areas.

Mapping these changes, whether it is degradation or res-
toration, is extremely difficult and yet required for C
balance accounting. Dynamic maps, whether decadal or
annual, are helpful to track the relative changes in hydrology
and related C fluxes, such as net primary productivity.

24.4. CLIMATE CHANGE AND WETLAND
CARBON DYNAMICS

Although wetlands provide many ecosystem services
(Pindilli, 2021) the sequestration and storage of C from
the atmosphere may be the most important as we con-
sider mitigation strategies and adapt to climate change.

There are considerable uncertainties in how wetlands will
respond to changing climatic conditions as we note here;
hence we share several case studies that provide examples
of promising new research to reduce those uncertainties
and thereby improve the basis for considering how other
important societal ecosystem services may be affected
(e.g., Box 24.1).

Climate change is affecting ecosystems across the
globe, but maybe most notably in wetlands (Junk
et al., 2013). From permafrost and boreal peatlands in
the northern hemisphere to high-elevation peatlands in
the Andes Mountains in South America to coastal wet-
lands that are threatened by rising sea level, wetland
water balance and subsequent C balance are very suscep-
tible to warming and changes in precipitation regimes
(Moomaw et al., 2018). Future global warming will likely
result in these changes being accelerated, especially in
the northern hemisphere where warming is predicted to
increase 2 ‘C to 7 °C by 2100 (IPCC, 2014). From the
early 1960s to the present in northern Minnesota, tem-
peratures have already risen by 2.5 °C with a growing
season that is approximately 30 days longer than in 1960
(Kolka et al., 2011).

Although the implications of elevated CO, on wetland
C pools is a bit ambiguous, generally, elevated CO, leads
to enhanced emissions of CH, (Kirwin and Blum, 2011).
However, warming studies have demonstrated that
increasing temperatures will have important impacts that
will affect humans and ecosystems globally. Warming
generally leads to higher evapotranspiration, which
lowers water tables and extends the aerobic zone. Because
aerobic decomposition is more efficient than anerobic
decomposition, warming directly leads to higher decom-
position rates. Changing precipitation regimes will also
have dramatic impacts on wetland water tables and
subsequent decomposition rates.

Wetland hydrology is the principal attribute affected by
climate change, primarily by changes in precipitation,
including its periodicity, storm intensity, and recurrence
of extreme events (Winter, 2000). Changes in evapotrans-
piration may interact with altered precipitation regimes,
exacerbating the effects on wetland hydrology (Zhu
et al., 2017). A reduction in the water table within the
wetland will alter the biogeochemical process (e.g., C
cycle), subsequently increasing organic matter decompo-
sition, reducing CH, production, and altering the rate of
C sequestration. Higher incidences of drought are espe-
cially problematic because of the potential change in
plant communities where the C building blocks in many
peatlands, Sphagnum moss, can be outcompeted by
sedges and other plants that are not as productive
(Hanson et al., 2020). The drying of peatlands increases
the susceptibility to wildfire resulting large losses of soil
C (Reddy et al., 2016: Turetsky et al., 2011).
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24.4.1. Case Studies

There are several notable studies that have assessed
some aspect of climate change on wetland ecosystems
including SPRUCE, PEATcosm, the Seney Wildlife
Refuge, APEX, Biotron, and SMARTX experiments.
Maybe the most notable is the Spruce and Peatland
Responses to Changing Environments (SPRUCE)
experiment (Hanson et al., 2017). SPRUCE is a whole
ecosystem warming by elevated CO, experiment in a
northern bog in Minnesota, USA. SPRUCE has 10
chambers with 5 temperature treatments ranging from 0
°C to 9 °C with and without elevated CO, at 900 ppm, a
little over twice current CO, concentrations in the
atmosphere. The warming treatments are both above-
ground and belowground and a continuous differential
from the ambient conditions. Although early in the
experiment, warming has lowered growing season water
tables and led to much higher CO, and CH, fluxes (Gill
et al., 2017; Hanson et al., 2020). The combination of
warming and lower water tables have led to dramatic
changes in the plant communities with the black spruce
(Picea mariana) and eastern larch (Larix laricina) trees,
Sphagnum species, and lichens (Smith et al., 2018) not
faring well, but some ericaceous shrubs such as blueberry
(Vaccinium  angustifolium) and  Labrador tea
(Rhododendrom groenlandicum) thriving (McPartland
et al., 2020). Plant phenology is also changing with green-
up occurring earlier in the season, and plants remaining
greener throughout the growing season and maintaining
greenness later in the season (McPartland et al., 2019;
Richardson et al., 2018). One result of earlier green-up,
especially by the trees, is that they have become suscep-
tible to false springs where the trees are cued to green-up
when temperatures are relatively high but get severely
frostbitten when colder temperatures occur again
(Richardson et al., 2018).

PEATcosm is an experiment in Houghton, Michigan,
USA, that manipulated undisturbed peat monoliths in
1 m? boxes. In its first iteration, PEATcosm simulated
drought and changes in plant communities by lowering
water tables with rain-out shelters and removing erica-
ceous shrubs or sedges. Results indicated that Sphagnum
species had highest productivity in the high-water table
treatments and vascular plants had the highest produc-
tion in the low-water table treatments (Potvin et al., 2015).
Peat accumulation rates decreased when ericaceous
shrubs were removed (Potvin et al., 2015). Overall, the
results from PEATcosm suggested that drought and
changes in plant communities in peatlands will affect peat
accumulation rates and the cycling of C.

As a result of levee construction in the 1930s, a
long-term water table change occurred at the Seney
National Wildlife Refuge in the Upper Peninsula of

Michigan, USA. The levee construction led to higher
peatland water tables on one side of the levee and lower
water tables on the opposite side of the levee (Chimner
et al., 2017). By comparing both higher and lower water
table areas to a relatively undisturbed control peatland,
Chimner et al. (2017) found that the undisturbed control
had the greatest plant productivity followed by the drier
site and then the wetter site. All sites were net CO, sinks
annually with the greatest sink being the wet site and the
dry site being the lowest sink. However, the wet site also
had the highest CH, emissions (Chimner et al., 2017).
The Seney lower water table treatments may be a good
example of what the future might hold given warmer
temperatures and increased potential for drought.

Somewhat similar to the Seney manipulation, the
Alaskan Peatland Experiment (APEX) located on the
Bonanza Creek Experimental Forest in central Alaska,
USA, has lower (drained), higher (flooded), and control
water table treatments in an open peatland. Also, growth
chambers were positioned in each of the treatments
which led to surface warming of about 1°C. The
combination of flooding and warming led to the highest
CH, emissions with drainage and no warming leading to
the lowest CH, emissions (Turetsky et al., 2008). For CO,,
the results are not as clear, as the lower water table
treatment was a weak sink or small source while the con-
trol was a moderate sink, and the flooded treatment was
a weak to strong sink (Chivers et al., 2009).

The Biotron experiment at Western University, Ontario,
Canada, used mesocosms somewhat similar to PEATcosm
and experimented with differences in water tables (high
and low), temperature (+0-8°C), and elevated CO,
(ambient and 750 ppm). With increasing temperature and
CO, and lower water tables the vegetation tended to shift
away from Sphagnum and towards graminoid based com-
munities, likely leading to lower C accumulation rates
(Dieleman et al., 2015). Increasing temperatures also
increased decomposition rates and led to higher concen-
trations of DOC in pore water, again likely indicating
lower C accumulation rates (Dieleman et al., 2016).
Overall, it is apparent that the combination of warming,
elevated CO,, and increasing variable water tables from
more stochastic events as predicted from climate change
will lead to wetlands becoming either lesser sinks for C or
potentially becoming sources.

Tidal marshes are undergoing experimental research to
assess global change influences as well. Following a long
history of mesocosm experiments (Global Climate
Research Wetland Project or GCREW) that tested the
effects of elevated CO, (Erickson et al., 2007), and also the
combination of elevated CO, and nitrogen fertilization
(White et al., 2012) on tidal marshes, an important
long-term study was established. SMARTX (Salt Marsh
Accretion Response to Temperature eXperiment) was ini-
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tiated in 2016 within the Global Change Research
Experimental Wetlands at the Smithsonian Environmental
Research Center in Edgewater, Maryland, USA. SMARTX
is designed with active warming of the brackish tidal
marsh soils and air (up to 5.1°C), as well as treatments with
elevated atmospheric CO, (750 ppm). It is unique in being
the first replicated terrestrial ecosystem experiment with
both temperature and CO, enhancements. Early results
suggest non-linear responses to warming in productivity
and marsh elevation responses, and significant enhance-
ment of CH, emissions due to longer growing seasons in
the warmer plots (Megonigal et al., 2019).

24.4.2. Future Prediction of Net C Balance
in Wetlands

Modeling of future conditions on wetlands shows vari-
able results but in general wetlands are predicted to either
become lesser sinks for C or even flip to become sources
(Mitsch et al., 2013). Methane emissions are predicted to
increase (Shindell et al., 2004) and the net sink of CO, is
expected to decrease (Mitsch et al., 2013). The overall sink/
source balance of C is a result of changes in water tables
and plant communities (Walker et al., 2016). Simulations
of precipitation vary widely but even if there are small
changes in precipitation (positive or negative) it is antici-
pated that evapotranspiration will increase, leading to
lower water tables and higher rates of aerobic decomposi-
tion and either lower rates of C accumulation or greater
net C emissions. Mitigation strategies are two-fold. First,
wetland preservation is key to maintaining the ecosystem
services that wetlands provide society. Although predic-
tions generally indicate lesser C sequestration, wetlands
are still our largest C sink in global terrestrial systems.
Second, restoring and creating wetlands will provide new
opportunities for potential C sinks. Restoring or creating
wetland functions that lead to higher plant production
and/or slower decomposition rates will lead to lower C
emissions and possibly C sequestration. Lowering of water
tables and associated changes in plant communities could
lead to higher C sequestration in some wetlands that cur-
rently have water tables at or near the surface (Walker
et al., 2016). In temperate or boreal climates, lowering of
water tables would likely result in a change from Sphagnum/
graminoid-dominated ecosystems to Sphagnumi/forested
ecosystems with overall higher productivity and decompo-
sition, but with plant productivity increasing relatively
more than decomposition rates.

24.5. PERSPECTIVES

Wetlands generally have a higher soil C density than
upland ecosystems, due primarily to limited decomposi-
tion of organic matter. However, soil C densities are often

overestimated due to mapping limitations and methodo-
logical issues in measuring bulk density (Kochy
et al., 2015). However, the soil C pool in wetlands is often
larger than reported because most of the measurement
data is obtained from within the upper meter of soil.
Peatlands are known to have organic soil depths ranging
from 2-10 m; unfortunately, there is very limited peat
depth data globally, thereby precluding estimates of the
total peatland C pool. Similarly, blue carbon soils (tidal
freshwater forests and marshes, salt marshes, and man-
groves) can extend 2—-10 m below the surface (blue carbon
ecosystems also include sea grass beds, which are not
considered here); again, these C pools are not typically
reported due to the lack of widespread inventory data
and an emphasis on surface soils that are most suscep-
tible to human and climate influence. It is not practical to
routinely sample wetland soils to depths of 2-3 m or to
probe peatlands or blue carbon to refusal. However,
regional studies of specific wetland types to characterize
the uncertainties in deep soil (> 1 m) C pools would
greatly improve the accuracy of regional and continental
scale inventories, and provide a much improved basis for
considering the implications associated with climate
change and management activities.

There are too few measurements of C fluxes in wetlands,
in comparison with upland settings and in representing
variability of wetland conditions. Accordingly, there is a
high degree of uncertainty when aggregating measure-
ments to characterize particular wetland types or wet-
lands within a specified geographic area. The inadequate
database on C fluxes from wetlands is also an impediment
to the development and testing of mechanistic models, as
measurement data for model calibration and validation
are fundamental to developing better tools for simulating
the wetland C cycle and considering the effects associated
with changing climatic conditions and management
regimes. Many types of wetlands have a heterogeneous
surface micro-topography — a mosaic of low areas (e.g.,
hollows or depressions), elevated areas (e.g., hummocks
or mounds), and flat or sloping areas (e.g., lawns). This
micro-topography affects biogeochemical processes prin-
cipally because it defines the elevation relative to water
table and the anoxic soil layers. For example, hummocks
may exhibit very low CH, emissions or even oxidize
atmospheric CH,, while adjoining hollows emit CH,.
Accordingly, to scale soil gaseous emissions, measure-
ments are needed from the various micro-topographic
positions along with detailed information about the distri-
bution of the micro-topography within the wetland. This
information is generally lacking, thereby contributing to
the uncertainties in estimates of emissions from wetlands.
Estimates of emissions from wetlands derived using eddy
covariance measurements effectively integrate the hetero-
geneity in the wetland surface conditions; however, that
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technique is data intensive and relatively expensive, and
also does not support fine-scale analyses of specific
processes and mechanisms at the micro-topography scale.
While eddy covariance is data intensive and relatively
expensive, the networks are expanding and being used to
estimate larger scale ecosystem wetland productivity
(Feagin et al., 2020) and contribute to regional and global
studies on methane emissions (Knox et al., 2019).

Although wetlands are recognized as a major source of
atmospheric CH, globally, there remain considerable
uncertainties in estimating emissions. This is because
controls on CH, dynamics are inadequately described in
current models and there is an inadequate basis for
scaling among the varied wetland conditions (Bridgham
et al., 2013). Exasperating the complexity of CH,
dynamics, recent advances in soil microbiology found
that methanogenesis is not constrained to anaerobic soil
layers (Angle et al., 2017), underscoring our incomplete
understanding about the wetland C cycle and suggesting
that we have underestimated the uncertainties in how
wetlands may respond to perturbations and changes in
ambient conditions.

Wetlands are defined on the basis of the interactions
among hydrologic conditions, soils, and hydrophytic
plants. Accordingly, they are expected to be sensitive
to changes in abiotic conditions, hence vulnerable to
changes in temperature, precipitation, and storm inten-
sity. However, there is considerable uncertainty in how
individual wetlands may respond given current uncer-
tainties in climate predictions for local areas. Functional
linkages between global circulation models and mecha-
nistic biogeochemical models are needed to provide a
basis for assessing the complex interactions that comprise
the wetland C cycle. Those improved tools would then
provide a basis to (a) prioritize wetlands that are particu-
larly vulnerable, and (b) understand the consequences of
the changes that are unavoidable as warming continues
and precipitation regimes change.

Wetlands can be sustainably managed and restored,
but they are sensitive to changes in abiotic conditions and
nutrients. Forested wetlands can be sustainably managed
and the C pools unaltered, especially if the hydrology
is not modified. Conversely, improperly installed and
managed silvicultural drainage systems may result in
desiccation and the concomitant loss of C. Practices that
minimize drainage and nutrient inputs and manage
residues can reduce the global warming potential of
wetlands managed for agriculture. Conversion to non-
wetland results in diminished C functions but restored or
created wetlands can lead to increases in functions and
potential C sequestration. There are too few long-term
studies that provide the basis for quantifying the effects
of ongoing silvicultural and agricultural practices on
wetland C cycling.

Terrestrial and coastal wetlands provide a variety of
ecosystem services to society including moderating fluxes
and pools of C. Although wetlands are sources of CH, to
the atmosphere, historically they have been large sinks of
CO,, and overall sinks for C. The wetland C sink miti-
gates the effects of C source activities, such as the burning
of fossil fuels. The rate of climate warming would increase
without the wetland C sink. Although great strides have
been made in C accounting we need to continue to stan-
dardize techniques and better utilize new technology to
refine estimates of C pools and fluxes, especially as those
pools and fluxes are influenced by climate change. Also,
wetlands are generally not well represented in global
circulation models that predict our future climate, even
though they are disproportionately important for under-
standing global C cycling. Coupling data from undis-
turbed and disturbed wetlands, restored and created
wetlands, and manipulation experiments with models will
be essential for predicting the impact climate change will
have on society.

ACKNOWLEDGMENTS

The authors would like to thank the USDA Forest
Service Northern Research Station, the USDA Forest
Service Southern Research Station, and the U.S.
Geological Survey, LandCarbon Program for funding
support.

REFERENCES

Anderson, F. E., Bergamaschi, B., Sturtevant, C., Knox, S.,
Hastings, L., Windham-Myers, L., et al. (2016). Variation of
energy and carbon fluxes from a restored temperate freshwater
wetland and implications for carbon market verification
protocols. Journal of Geophysical Research Biogeosiences, 121,
777-795. https://doi.org/10.1002/2015JG003083

Angle, J. C., Morin, T. H., Solden, L. M., Narrowe, A. B.,
Smith, G. J., Borton, M. A., et al. (2017). Methanogenesis in
oxygenated soils is a substantial fraction of wetland methane
emissions. Nature Communications, 8(1), 1567. https://doi.
org/10.1038/s41467-017-01753-4

Aust, W. M., Fristoe, T. C., Gellerstedt, L. A., Giese, L. A., &
Miwa, M. (2006). Long-term effects of helicopter and
ground-based skidding on soil properties and stand growth in
a tupelo-cypress wetland. Forest Ecology and Management,
226, 72-79. https://doi.org/10.1016/j.foreco.2005.12.059

Badiou, P, McDougal, R., Pennock, D., & Clark, B. (2011).
Greenhouse gas emissions and carbon sequestration poten-
tial in restored wetlands of the Canadian prairie pothole
region. Wetlands Ecology and Management, 19, 237-256.
https://doi.org/10.1007/s11273-011-9214-6

Baker, J. M., Ochsner, T. E., Venterea, R. T., & Griffis, T. J.
(2007). Tillage and soil carbon sequestration — What do we
really know? Agriculture, Ecosystems and Environment, 118,
1-5. https://doi.org/10.1016/j.agee.2006.05.014


https://doi.org/10.1002/2015JG003083
https://doi.org/10.1038/s41467-017-01753-4
https://doi.org/10.1038/s41467-017-01753-4
https://doi.org/10.1016/j.foreco.2005.12.059
https://doi.org/10.1007/s11273-011-9214-6
https://doi.org/10.1016/j.agee.2006.05.014

432 WETLAND CARBON AND ENVIRONMENTAL MANAGEMENT

Ballantine, K., & Schneider, R. (2009). Fifty-five years of soil
development in restored freshwater depressional wetlands.
Ecological Applications, 19(6), 1467-1480. https://doi.org/10.
1890/07-0588.1

Bedard-Haughn, A., Matson, A. L., & Pennock, D. J. (2006).
Land use effects on gross nitrogen mineralization, nitrifica-
tion, and N,O emissions in ephemeral wetlands. Soil Biology
and Biochemistry, 38 (12), 3398-3406. https://doi.org/10.
1016/j.50i1bi0.2006.05.010

Bridgham, S. D., Cadillo-Quiroz, H., Keller, J. K., & Zhuang,
Q. (2013). Methane emissions from wetlands: biogeochem-
ical, microbial, and modeling perspectives from local to
global scales. Global Change Biology, 19(5), 1325-1346.
https://doi.org/10.1111/gcb.12131

Bridgham, S. D., Megonigal, J. P, Keller, J. K., Bliss, N. B., &
Trettin, C. C. (2006). The carbon balance of North American
wetlands. Wetlands, 26, 889-916. https://doi.org/10.1672/
0277-5212(2006)26[889: TCBONA]2.0.CO;2

Butman, D., Striegl, R., Stackpoole, S., del Giorgio, P., Prairie,
Y., Pilcher, D., et al. (2018). Chapter 14: Inland waters. In:
Second State of the Carbon Cycle Report: A Sustained
Assessment Report (pp. 568-595). Washington, DC: U.S.
Global Change Research Program. https://doi.org/10.7930/
SOCCR2.2018.Ch14

Byrd, K. B., Ballanti, L., Thomas, N., Nguyen, D., Holmquist,
J. R,, Simard, M., & Windham-Myers, L. (2018). A remote
sensing-based model of tidal marsh aboveground carbon
stocks for the conterminous United States. ISPRS Journal of
Photogrammetry and Remote Sensing, 139, 255-271. https://
doi.org/10.1016/].isprsjprs.2018.03.019

Canadian Wildlife Service (1991). The Federal Policy on Wetland
Conservation. Ottawa, ON: Minister of Supply and Services
Canada.

Chimner, R. A., Pypker, T. G., Hribljan, J. A., Moore, P. A., &
Waddington, J. M. (2017). Multidecadal changes in water
table levels alter peatland carbon cycling. Ecosystems, 20,
1042-1057. https://doi.org/10.1007/s10021-016-0092-x

Chivers, M. R., Turetsky, M. R., Waddington, J. M., Harden, J.
W., & McGuire, A. D. (2009). Climatic and vegetation con-
trols on peatland CO, fluxes in Alaska: Early response to
ecosystem-scale manipulations of water table and soil tem-
perature. Ecosystems, 12, 1329-1342. https://doi.org/10.1007/
s10021-009-9292-y

Couwenberg, J., Dommain, R., & Joosten, H. (2009).
Greenhouse gas fluxes from tropical peatlands in south-east
Asia. Global Change Biology, 16 (6), 1715-1732. https://doi.
org/10.1111/j.1365-2486.2009.02016.x

Dahl, T. E. (2013). Status and trends of wetlands in the coastal
watersheds of the conterminous United States 2004 to 2009
(pp. 46). Washington, DC: U.S. Department of Interior, Fish
and Wildlife Service.

Davidson, K. E., Fowler, M. S., Skoy, M. W., Doerr, S. H.,
Beaumont, N., & Griffin, J. N. (2017). Livestock grazing
alters multiple ecosystem properties and services in salt
marshes: a meta-analysis. Journal of Applied Ecology,
54,1359-1405. https://doi.org/10.1111/1365-2664.12892

De Gortari-Ludlow, N., Espinosa-Reyes, G., Flores-Rivas, J.,
Salgado-Ortiz, J., & Chapa-Vargas, L. (2015). Threats,

conservation actions, and research within 78 Mexican non-
coastal protected wetlands. Journal for Nature Conservation,
23, 73-79. https://doi.org/10.1016/j.jnc.2014.06.005

Dieleman, C. M., Branfireun, B. A., McLaughlin, J. W,, &
Lindo, Z. (2015). Climate change drives a shift in peatland
ecosystem plant community: Implications for ecosystem
function and stability. Global Change Biology, 21 (1), 388—
395. https://doi.org/10.1111/gcb.12643

Dieleman, C. M., Lindo, Z., McLaughlin, J. W., & Branfireun,
B. A. (2016). Climate change effects on peatland decomposi-
tion and porewater dissolved organic carbon biogeochem-
istry. Biogeochemistry, 128, 385-396. https://doi.org/10.1007/
$10533-016-0214-8

Ehrenfeld, J. G. (2000). Evaluating wetlands within an urban
context. Urban Ecosystems, 4, 69-85. https://doi.org/10.
1023/A:1009543920370

Erickson, J. E., Megonigal, J. P, Peresta, G., & Drake, B. G.
(2007). Salinity and sea level mediate elevated CO2 effects on
C3-C4 plant interactions and tissue nitrogen in a Chesapeake
Bay tidal wetland. Global Change Biology,13 (1), 202-215.
https://doi.org/10.1111/j.13652486.2006.01285.x

Euliss, N. H., Jr., Gleason, R. A., Olness, A., McDougal, R. L.,
Murking, H. R., Robarts, R. D., et al. (2006). American
prairie wetlands are important nonforested land-based
carbon storage sites. Science of the Total Environment, 361,
179-188. https://doi.org/10.1016/j.scitotenv.2005.06.007

Euliss, N. H., Jr., & Mushet, D. M. (1996). Water-level fluctua-
tion in wetlands as a function of landscape condition in the
prairie pothole region. Wetlands, 16 (4), 587-593. https://doi.
org/10.1007/BF03161350

Faulkner, S. (2004). Urbanization impacts on the structure and
function of forested wetlands. Urban Ecosystems 7, 89—106.
https://doi.org/10.1023/B:UECO0.0000036269.56249.66

Feagin, R. A., Forbrich, 1., Huff, T. P, Barr, J. G., Ruiz-
Plancarte, J., Fuentes, J. D., et al. (2020). Tidal wetland gross
primary production across the continental United States,
2000-2019. Global Biogeochemical Cycles, 34. https://doi.
org/10.1029/2019GB006349

Federal, Provincial and Territorial Governments of Canada.
(2010). Canadian Biodiversity: Ecosystem Status and Trends
2010. Ottawa, ON: Canadian Councils of Resource Ministers.
Retrieved from http://www.biodivcanada.ca/default.asp?lang=
En&n=F07D520A-1

Fennel, K., Alin, S. R., Barbero, L., Evans, W., Bourgeois, T.,
Cooley, S. R., et al. (2018). Chapter 16: Coastal ocean and
continental shelves. In: Second State of the Carbon Cycle
Report: A Sustained Assessment Report (pp. 649-688).
Washington, DC: U.S. Global Change Research Program.
https://doi.org/10.7930/SOCCR2.2018.Ch16

Fox, T. R., Jokela, E. J., & Allen, H. L. (2004). The evolution of
pine plantation silviculture in the southern United States. In:
H.M. Rauscher & K. Johnsen (Eds.), Southern Forest Science:
Past, Present, and Future (General Technical Report 75, pp.
63-82). Asheville, NC: U.S. Department of Agriculture,
Forest Service, Southern Research Station.

Gill, A. L., Giasson. M. A., Yu, R., & Finzi, A. C. (2017). Deep
peat warming increases surface methane and carbon dioxide
emissions in a black spruce-dominated ombrotrophic bog.


https://doi.org/10.1890/07-0588.1
https://doi.org/10.1890/07-0588.1
https://doi.org/10.1016/j.soilbio.2006.05.010
https://doi.org/10.1016/j.soilbio.2006.05.010
https://doi.org/10.1111/gcb.12131
https://doi.org/10.1672/0277-5212(2006)26[889:TCBONA]2.0.CO;2
https://doi.org/10.1672/0277-5212(2006)26[889:TCBONA]2.0.CO;2
https://doi.org/10.7930/SOCCR2.2018.Ch14
https://doi.org/10.7930/SOCCR2.2018.Ch14
https://doi.org/10.1016/j.isprsjprs.2018.03.019
https://doi.org/10.1016/j.isprsjprs.2018.03.019
https://doi.org/10.1007/s10021-016-0092-x
https://doi.org/10.1007/s10021-009-9292-y
https://doi.org/10.1007/s10021-009-9292-y
https://doi.org/10.1111/j.1365-2486.2009.02016.x
https://doi.org/10.1111/j.1365-2486.2009.02016.x
https://doi.org/10.1111/1365-2664.12892
https://doi.org/10.1016/j.jnc.2014.06.005
https://doi.org/10.1111/gcb.12643
https://doi.org/10.1007/s10533-016-0214-8
https://doi.org/10.1007/s10533-016-0214-8
https://doi.org/10.1023/A:1009543920370
https://doi.org/10.1023/A:1009543920370
https://doi.org/10.1111/j.13652486.2006.01285.x
https://doi.org/10.1016/j.scitotenv.2005.06.007
https://doi.org/10.1007/BF03161350
https://doi.org/10.1007/BF03161350
https://doi.org/10.1023/B:UECO.0000036269.56249.66
https://doi.org/10.1029/2019GB006349
https://doi.org/10.1029/2019GB006349
http://www.biodivcanada.ca/default.asp?lang=En&n=F07D520A-1
http://www.biodivcanada.ca/default.asp?lang=En&n=F07D520A-1
https://doi.org/10.7930/SOCCR2.2018.Ch16

THE IMPORTANCE OF WETLAND CARBON DYNAMICS TO SOCIETY 433

Global Change Biology, 23(12), 5398-5411. https://doi.org/10.
1111/gcb.13806

Gleason, R. A., Laubhan, M., & Euliss, N. H., Jr. (2008).
Ecosystem services derived from wetland conservation prac-
tices in the United States Prairie Pothole Region with an
emphasis on the United States Department of Agriculture
Conservation Reserve and Wetlands Reserve Programs. U.S.
Geological Survey. https://doi.org/10.3133/pp1745

Gleason, R. A., Tangen, B. A., Browne, B. A., & Euliss, N. H.,
Jr. (2009). Greenhouse gas flux from cropland and restored
wetlands in the prairie pothole region. Soil Biology and
Biochemistry, 41(12), 2501-2507. https://doi.org/10.1016/].
5011bi10.2009.09.008

Gorham, E. (1991). Northern peatlands: role in the carbon
cycle and probable responses to climatic warming. Ecological
Applications, 1 (2), 182-195. https://doi.org/10.2307/1941811

Grigal, D. F,, & Vance, E. D. (2000). Influence of soil organic
matter on forest productivity. New Zealand Journal of
Forestry Science, 30 (1),169-205.

Hansen, L. (2006). Wetlands: Status and trends. In: K. Wiebe &
N. Gollehon (Eds.), Agricultural Resources and Environmental
Indicators, 2006 Edition. Washington, DC: U.S. Department
of Agriculture.

Hanson, P. J., Griffiths, N. A., Iversen, C. M., Norby, R. ],
Sebestyen, S. D., Phillips, J.R., et al. (2020). Rapid carbon
loss from a whole-ecosystem warmed peatland. AGU
Advances, 1(3). https://doi.org/10.1029/2020AV000163

Hanson, P. J., Riggs, J. S., Nettles, W. R., Phillips, J. R.,
Krassovski, M. B., Hook, L. A., et al. (2017). Attaining
whole-ecosystem warming using air and deep-soil heating
methods with an elevated CO2 atmosphere. Biogeosciences,
14, 861-883. https://doi.org/10.5194/bg-14-861-2017

Hefting, M. M., Bobbink, R., & de Caluwe, H. (2003). Nitrious
oxide emission and denitrification in chronically nitrate-
loaded riparian buffer zones. Journal of Environmental
Quality, 32(4),1194-1203.

Helton, H. M., Bernhardt, E. S. & Fedders, A. (2014).
Biogeochemical regime shifts in coastal landscapes: the
contrasting effects of saltwater incursion and agricultural
pollution on greenhouse gas emissions from a freshwater wet-
land. Biochemistry, 120,133-147. https://doi.org/10.1007/
$10533-014-9986-x

Holmquist, J. R., Windham-Myers, L., Bernal, B., Byrd, K. B.,
Crooks, S., Gonneea, M. E., et al. 2018. Uncertainty in
United States coastal wetland greenhouse gas inventory.
Environmental Research Letters, 13. https://doi.org/10.
1088/1748-9326/aael57

Intergovernmental Panel on Climate Change (IPCC). (2015).
Climate Change 2014: Synthesis Report. Geneva, Switzerland:
Intergovernmental Panel on Climate Change.

Jarveoja, J., Peichl, M., Maddison, M., Soosaar, K., Vellak, K.,
Karofeld, E., et al. (2016). Impact of water table level on
annual carbon and greenhouse gas balances of a restored
peat extraction area. Biogeosciences, 13, 2637-2651. https://
doi.org/10.5194/bg-13-2637-2016

Junk, W. J., An, S., Finlayson, C. M., Gopal, B., Kvét, J., &
Mitchell, S. A. (2013). Current state of knowledge regarding
the world’s wetlands and their future under global climate

change: a synthesis. Aquatic Sciences, 75, 151-167. https://
doi.org/10.1007/s00027-012-0278-z

Kirwin, M. L, & Blum, L. K. (2011). Enhanced decomposition
offsets enhanced productivity and soil carbon accumulation
in coastal wetlands responding to climate change.
Biogeosciences, 8 (1), 987-993. https://doi.org/10.5194/bgd-8-
707-2011

Knox, S. H., Jackson, R. B., Poulter, B., McNicol, G., Fluet-
Chouinard, E., Zhang, Z., et al. (2019). FLUXNET CH, syn-
thesis activity: Objectives, observations and future directions.
Bulletin of the American Meteorological Society, 100(12),
2607-2632. https://doi.org/10.1175/BAMS-D-18-0268.1

Kochy, M., Hiederer, R., & Freibauer, A. (2015). Global distri-
bution of soil organic carbon — Part 1: Masses and frequency
distributions of SOC stocks for the tropics, permafrost
regions, wetlands, and the world. Soil, 1, 351-365. https://doi.
org/10.5194/s0il-1-351-2015

Kolka, R. K., Sebestyen, S. S., Verry, E. S., & Brooks, K. N.
(Eds.) (2011). Peatland Biogeochemistry and Watershed
Hydrology at the Marcell Experimental Forest. Boca Raton,
FL: CRC Press.

Kolka, R. K., Trettin, C., Tang, W., Krauss, K., Bansal, S., Drexler,
J., et al. (2018). Chapter 13: Terrestrial wetlands. In: Second
State of the Carbon Cycle Report: A Sustained Assessment
Report. Washington, DC: U.S. Global Change Research
Program. https://doi.org/10.7930/SOCCR2.2018.Ch13

Krauss, K. W., Noe, G. B., Duberstein, J. A., Conner, W. H.,
Stagg, C. L., Cormier, N., et al. (2018). The role of the upper
tidal estuary in wetland blue carbon storage and flux.
Global Biogeochemical Cycles, 32(5), 817-839. https://doi.
org/10.1029/2018 GB005897

Kroeger, K. D., Crooks, S., Moseman-Valtierra, S., & Tang, J.
(2017). Restoring tides to reduce methane emissions in
impounded wetlands: A new and potent Blue Carbon climate
change intervention. Scientific Reports, 7(1), 1-12. https://
doi.org/10.1038/s41598-017-12138-4

Kummu, M., de Moel, H., Salvucci, G., Viviroli, D., Ward, P. J.,
& Varis, O. (2016). Over the hills and further away from coast:
global geospatial patterns of human and environment over
the 20th-21st centuries. Environmental Research Letters,
11(3). https://doi.org/10.1088/1748-9326/11/3/034010

Laiho, R. (2006). Decomposition in peatlands: Reconciling
seemingly contrasting results on the impacts of lowered water
levels. Soil Biology and Biochemistry, 38 (8), 2011-2024.
https://doi.org/10.1016/.50i1bi0.2006.02.017

Lee, S. Y., Dunn, R. J. K., Young, R. A., Connolly, R. M., Dale,
P. E. R., Dehayr, R., et al. (2016). Impact of Urbanization on
coastal wetland structure and function. Austral Ecology,
31(2), 149-163.

Lehner, B., & Doll, P. (2004). Development and validation of a
global database of lakes, reservoirs and wetlands. Journal of
Hydrology, 296(1-4), 1-22. https://doi.org/10.1016/j.jhydrol.
2004.03.028

Li, W,, Huang, H.-Z., Zhang, Z.-N., & Wu, G.-L. (2011). Effects
of grazing on the soil properties and C and N storage in rela-
tion to biomass allocation in an alpine meadow. Journal of
Soil Science and Plant Nutrition, 11(4), 27-39. http://dx.doi.
org/10.4067/S0718-95162011000400003


https://doi.org/10.1111/gcb.13806
https://doi.org/10.1111/gcb.13806
https://doi.org/10.3133/pp1745
https://doi.org/10.1016/j.soilbio.2009.09.008
https://doi.org/10.1016/j.soilbio.2009.09.008
https://doi.org/10.2307/1941811
https://doi.org/10.1029/2020AV000163
https://doi.org/10.5194/bg-14-861-2017
https://doi.org/10.1007/s10533-014-9986-x
https://doi.org/10.1007/s10533-014-9986-x
https://doi.org/10.1088/1748-9326/aae157
https://doi.org/10.1088/1748-9326/aae157
https://doi.org/10.5194/bg-13-2637-2016
https://doi.org/10.5194/bg-13-2637-2016
https://doi.org/10.1007/s00027-012-0278-z
https://doi.org/10.1007/s00027-012-0278-z
https://doi.org/10.5194/bgd-8-707-2011
https://doi.org/10.5194/bgd-8-707-2011
https://doi.org/10.1175/BAMS-D-18-0268.1
https://doi.org/10.5194/soil-1-351-2015
https://doi.org/10.5194/soil-1-351-2015
https://doi.org/10.7930/SOCCR2.2018.Ch13
https://doi.org/10.1029/2018GB005897
https://doi.org/10.1029/2018GB005897
https://doi.org/10.1038/s41598-017-12138-4
https://doi.org/10.1038/s41598-017-12138-4
https://doi.org/10.1088/1748-9326/11/3/034010
https://doi.org/10.1016/j.soilbio.2006.02.017
https://doi.org/10.1016/j.jhydrol.2004.03.028
https://doi.org/10.1016/j.jhydrol.2004.03.028
http://dx.doi.org/10.4067/S0718-95162011000400003
http://dx.doi.org/10.4067/S0718-95162011000400003

434 WETLAND CARBON AND ENVIRONMENTAL MANAGEMENT

Lockaby, B. G., Stanturf, J. A., & Messina, M. (1997).
Harvesting impacts on functions of forested floodplains: a
review of existing reports. Forest Ecology and Management,
90, 93-100. https://doi.org/10.1016/S0378-1127(96)03897-2

Lucchese, M., Waddington, J. M., Poulin, M., Pouliot, R.,
Rochefort, L., & Strack, M. (2010). Organic matter
accumulation in a restored peatland: Evaluating restoration
success. Ecological Engineering, 36 (4), 482-488. https://doi.
org/10.1016/jecoleng.2009.11.017

Martin, D. B., & Hartman, W. A. (1987). The effect of cultiva-
tion on sediment composition and deposition in prairie pot-
hole wetlands. Water, Air, and Soil Pollution, 34, 45-53.

McKee, S. E., Aust, W. M., Seiler, J. R., Strahm, B. D., &
Schilling, E. B. (2012). Long-term site productivity of a
tupelo-cypress swamp 24 years after harvesting disturbances.
Forest Ecology and Management, 265, 172-180. https://doi.
org/10.1016/j.foreco.2011.10.019

McPartland, M. Y., Kane, E. S., Falkowski, M. J., Kolka, R.,
Turetsky, M. R., Palik, B., & Montgomery, R. A. (2019). The
response of boreal peatland community composition and
NDVI to hydrologic change, warming and elevated carbon
dioxide. Global Change Biology 25, 93-107. https://doi.
org/10.1111/gcb.14465

McPartland, M. Y., Montgomery, R. A., Hanson, P. J., Phillips,
J. R., Kolka, R., & Palik, B. (2020). Vascular plant species
response to warming and elevated carbon dioxide in a boreal
peatland. Environmental Research Letters 15, 124066.

Megonigal, J. P, Chapman, S., Langley, A., Crooks, S., Dijkstra,
P, & Kirwan, M. (2019). Coastal wetland responses to
warming. In: L. Windham-Myers, S. Crooks, & T.G. Troxler
(Eds.), A Blue Carbon Primer (pp. 133-144). Boca Raton, FL:
CRC Press.

Minarni, K. (1994). Methane from rice production. Fertilizer
Research, 37,167-179. https://doi.org/10.1007/BF00748935
Minkkinen, K., Vasander, H., Jauhiainen, S., Karsisto, M., & Laine,
J. (1999). Post-drainage changes in vegetation composition and
carbon balance in Lakkasuo mire, Central Finland. Plant and

Soil, 207, 107-120. https://doi.org/10.1023/A:1004466330076

Mitsch, W. J., Bernal, B., Nahlik, A. M., Mander, U., Zhang, L.,
Anderson, C. J., et al. (2013). Wetlands, carbon, and climate
change. Landscape Ecology, 28 (4), 583-597. https://doi.
org/10.1007/s10980-012-9758-8

Mitsch, W. J., & Gosselink, J. (2015). Wetlands (5th edition).
Hoboken, NJ: John Wiley & Sons, Inc.

Moomaw, W. R., Chmura, G. L., Davies, G. T., Finlayson, C.
M., Middleton, B. A., Natali, S. M., et al. (2018). Wetlands in
a changing climate: science, policy, management. Wetlands,
38, 183-205. https://doi.org/10.1007/s13157-018-1023-8

Moore, T. R., & Knowles, R. (1989). The influence of water
table levels on methane and carbon dioxide emissions from
peatland soils. Canadian Journal of Soil Science, 69 (1), 33—
38. https://doi.org/10.4141/cjss89-004

Morris, K., & Reich, P. (2013). Understanding the relationship
between livestock grazing and wetland condition. Heidelberg,
Victoria: State of Victoria, Department of Environment and
Primary Industry.

Nahlik, A. M., & Fennessy, M. S. (2016). Carbon storage in
US wetlands. Nature Communications, 7, 13835. https://doi.
org/10.1038/ncomms13835

Natural Resource Conservation Service. (2001). Cause of palus-
trine and estuarine wetland loss 1992—1997. ( Map No. m5818).
Washington, DC: U.S. Department of Agriculture.

Neaves, C. M., Aust, M., Bolding, M. C., Barrett, S. M., Trettin,
C. C.,, & Vance, E. (2017a). Soil properties in site prepared
loblolly pine (Pinus taeda L.) stands 25 years after wet
weather harvesting in the lower Atlantic coastal plain. Forest
Ecology and Management, 404, 344-353. https://doi.org/10.
1016/j.foreco.2017.08.015

Neaves, C. M., Aust, M., Bolding, M. C., Barrett, S. M., Trettin,
C. C., & Vance, E. (2017b). Loblolly pine (Pinus taeda L.)
productivity 23 years after wet site harvesting and site prepa-
ration in the lower Atlantic coastal plain. Forest Ecology and
Management, 401, 207-214. https://doi.org/10.1016/].foreco.
2017.07.007

Neubauer, S. C., & Megonigal, J. P. (2019). Correction to:
Moving beyond global warming potentials to quantify the
climatic role of ecosystems. Ecosystems, 22, 1931-1932.
https://doi.org/10.1007/s10021-019-00422-5

North American Waterfowl Management Plan Committee. (2012).
North American Waterfowl Management Plan 2012: People
Conserving Waterfowl and Wetlands. Retrieved from U.S. Fish
and Wildlife Service. (https://www.fws.gov/migratorybirds/pdf/
management/NAWMP/2012NAWMP. pdf)

Nykédnen, H., Alm, J., Silvola, J., Tolonen, K., & Martikainen,
P. J. (1998). Methane fluxes on boreal peatlands of different
fertility and the effect of long-term experimental lowering of
the water table on flux rates. Global Biogeochemical Cycles,
12, 53-69. https://doi.org/10.1029/97GB02732

Pindilli, E. (2021). Ecosystem services provided through wet-
land carbon management. In: K. W. Krauss, Z. Zhu, & C. L.
Stagg (Eds.), Wetland Carbon and Environmental Management,
this issue. Washington, DC: American Geophysical Union.

Poftenbarger, H. J., Needelman, B. A., & Megonigal, J. P. (2011).
Salinity influence on methane emissions from tidal marshes.
Wetlands, 31(5), 831-842. https://doi.org/10.1007/s13157-011-
0197-0

Potvin, L., Kane, E. S., Chimner, R. D., Kolka, R. K., &
Lilleskov, E. A. (2015). Effects of water table position and
plant functional group on plant community, aboveground
production, and peat properties in a peatland mesocosm
experiment (PEATcosm). Plant and Soil, 387(1-2), 277-294.
https://doi.org/10.1007/s11104-014-2301-8

Reddy, A. D., Hawbaker, T. J., Wurster, F., Zhu, Z., Ward, S.,
Newcomb, D., & Murray, R. (2015). Quantifying soil carbon
loss and uncertainty from a peatland wildfire using multi-
temporal LiDAR. Remote Sensing of Environment, 170, 306—
316. https://doi.org/10.1016/j.rse.2015.09.017

Richards, B., & Craft, C. B. (2015). Chapter 2: Greenhouse
gas fluxes from restored agricultural wetlands and natural
wetlands, northwestern Indiana. In: J. Vymazal (Ed.), Role
of Natural & Constructed Wetlands in Nutrient Cycling &
Retention on the Landscape (17). https://doi.org/10.1007/
978-3-319-08177-9_2

Richardson, A. D., Hufkens, K., Milliman, T., Aubrecht, D.
M., Furze, M. E., Seyednasrollah, B., et al. (2018). Ecosystem
warming extends vegetation activity but heightens vulnera-
bility to cold temperatures. Nature, 560, 368-371. https://doi.
org/10.1038/s41586-018-0399-1


https://doi.org/10.1016/S0378-1127(96)03897-2
https://doi.org/10.1016/jecoleng.2009.11.017
https://doi.org/10.1016/jecoleng.2009.11.017
https://doi.org/10.1016/j.foreco.2011.10.019
https://doi.org/10.1016/j.foreco.2011.10.019
https://doi.org/10.1111/gcb.14465
https://doi.org/10.1111/gcb.14465
https://doi.org/10.1007/BF00748935
https://doi.org/10.1023/A:1004466330076
https://doi.org/10.1007/s10980-012-9758-8
https://doi.org/10.1007/s10980-012-9758-8
https://doi.org/10.1007/s13157-018-1023-8
https://doi.org/10.4141/cjss89-004
https://doi.org/10.1038/ncomms13835
https://doi.org/10.1038/ncomms13835
https://doi.org/10.1016/j.foreco.2017.08.015
https://doi.org/10.1016/j.foreco.2017.08.015
https://doi.org/10.1016/j.foreco.2017.07.007
https://doi.org/10.1016/j.foreco.2017.07.007
https://doi.org/10.1007/s10021-019-00422-5
https://www.fws.gov/migratorybirds/pdf/management/NAWMP/2012NAWMP.pdf
https://www.fws.gov/migratorybirds/pdf/management/NAWMP/2012NAWMP.pdf
https://doi.org/10.1029/97GB02732
https://doi.org/10.1007/s13157-011-0197-0
https://doi.org/10.1007/s13157-011-0197-0
https://doi.org/10.1007/s11104-014-2301-8
https://doi.org/10.1016/j.rse.2015.09.017
https://doi.org/10.1007/978-3-319-08177-9_2
https://doi.org/10.1007/978-3-319-08177-9_2
https://doi.org/10.1038/s41586-018-0399-1
https://doi.org/10.1038/s41586-018-0399-1

THE IMPORTANCE OF WETLAND CARBON DYNAMICS TO SOCIETY 435

Saintilan, N., Wilson, N. C., Rogers, K. L., Rajjaran, A., &
Krauss, K. W. (2014). Mangrove expansion and salt marsh
decline at mangrove poleward limits. Global Change Biology,
20(1), 147-157. https://doi.org/10.1111/gcb.12341

Schrier-Uijjl, A. P., Kroon, P. S., Hendriks, D. M. D., Hensen,
A., Van Huissteden, J., Berendse, F., & Veenendaal, E. M.
(2014). Agricultural peatlands: towards a greenhouse gas
sink—a synthesis of a Dutch landscape study. Biogeosciences,
11, 4559-4576. https://doi.org/10.5194/bg-11-4559-2014

Shearer, M. J., & Khalil, M. A. K. (2000). Rice agriculture:
Emissions. In: M. A. K. Khalil (Ed.), Atmospheric Methane
(170-189). Berlin, Heidelberg: Springer.

Shindell, D. T., Walter, B. P, & Faluvegi, G. (2004). Impacts
of climate change on methane emissions from wetlands.
Geophysical Research Letters, 31(21), L21202. https://doi.
org/10.1029/2004GL021009

Smith, R. J., Nelson, P. R., Jovan, S., Hanson, P. J., & McCune,
B. (2018). Novel climates reverse carbon uptake of atmo-
spherically dependent epiphytes: Climatic constraints on the
iconic boreal forest lichen Evernia mesomorpha. American
Journal of Botany, 105(2), 266-274. https://doi.org/10.1002/
ajb2.1022

Skaggs, R. W, Tian, S., Chescheir, G. M., Amatya, D. M., &
Youssef, M. A. (2016). Forest drainage. In: D.M. Amatya, L.
Bren, & C. De Jong (Eds.), Forest Hydrology: Processes,
Management and Assessment (pp. 124-140). Wallingford,
UK: CABI Publishers.

Stelk, M. J., Christie, J., Weber, R., Lewis, R. R., III, Zedler, J.,
Micacchion, M., & Merritt, J. (2017). Wetland Restoration:
Contemporary Issues and Lessons Learned. Windham, ME:
Association of State Wetland Managers.

Strack, M., & Zuback, Y. C. A. (2013). Annual carbon balance
of a peatland 10 yr following restoration. Biogeosciences, 10,
2885-2896. https://doi.org/10.5194/bg-10-2885-2013

Tangen, B. A., & Gleason, R. A. (2008). Reduction of sedimenta-
tion and nutrient loading. In: R. A. Gleason, M. K. Laubhan,
& N. H. Euliss, Jr. (Eds.), Ecosystem Services Derived from
Wetland Conservation Practices in the United States Prairie
Pothole Region with an Emphasis on the US Department of
Agriculture Conservation Reserve and Wetlands Reserve
Programs (pp. 1745). Reston, VA: U.S. Geological Survey.

Tangen, B. A., Finocchiaro, R. G., & Gleason, R. A. (2015).
Effects of land use on greenhouse gas fluxes and soil prop-
erties of wetland catchments in the prairie pothole region of
North America. Science of the Total Environment, 533, 391—
409. https://doi.org/10.1016/j.scitotenv.2015.06.148

Trettin, C. C., Davidian, M., Jurgensen, M. F., & Lea, R. (1996).
Organic matter decomposition following harvesting and site
preparation of a forested wetland. Soil Science Society of
America Journal, 60, 1994-2003.

Trettin, C. C., & Jurgensen, M. F. (2003). Carbon cycling in wet-
land forest soils. In: J. M. Kimble, L. S. Heath, R. A. Birdsey,
& R. Lal (Eds.), The Potential of US Forest Soil to Sequester
Carbon and Mitigate the Greenhouse Effect (pp. 311-331).
Boca Raton, FL: CRC Press.

Turetsky, M. R., Donahue, W. F., & Benscoter, B. W. (2011).
Experimental drying intensifies burning and carbon losses in
a northern peatland. Nature Communications, 2, 1-5. https://
doi.org/10.1038/ncomms1523

Turetsky, M. R., Treat, C. C., Waldrop, M., Waddington, J. M.,
Harden, J. W., & McGuire, A. D. (2008). Short-term response
of methane fluxes and methanogen activity to water table
and soil warming manipulations in an Alaskan peatland.
Journal of Geophysical Research Biogeosciences, 113. https://
doi.org/10.1029/2007JG00496

USEPA. (2016). National Wetland Condition Assessment 2011:
A Collaborative Survey of the Nation’s Wetlands. Washington,
DC: U.S. Environmental Protection Agency.

USGCRP. (2018). Second State of the Carbon Cycle Report
(SOCCR2): A Sustained Assessment Report. Cavallaro, N., G.
Shrestha, R. Birdsey, M. A. Mayes, R. G. Najjar, S. C. Reed, P.
Romero-Lankao, & Z. Zhu (Eds.), U.S. Global Change Research
Program, Washington, DC, USA, 878 pp. doi: 10.7930/
SOCCR2.2018 (https://carbon2018.globalchange.gov/)

van der Kamp, G., Hayashi, M., & Gallén, D. (2003). Comparing
the hydrology of grassed and cultivated catchments in the
semi-arid Canadian prairies. Hydrological Processes, 17, 559—
575. https://doi.org/10.1002/hyp.1157

van der Kamp, G., Stolte, W. J., & Clark, R. G. (1999). Drying
out of small prairie wetlands after conversion of their
catchments from cultivation to permanent brome grass.
Hydrological Sciences Journal, 44, 387-397. https://doi.
org/10.1080/02626669909492234

Walker, T. N., Garnett, M. H., Ward, S. E., Oakley, S., Bardgett,
R. D, & Ostle, N. J. (2016). Vascular plants promote ancient
peatland carbon loss with climate warming. Global Change
Biology, 22, 1880-1889. https://doi.org/10.1111/gcb.13213

Ward, S. E., Bardgett, R. D., McNamara, N. P, Adamson, J.
K., & Ostle, N. J. (2017). Long-term chronosequences of
grazing and burning on northern peatland carbon dynamics.
Ecosystem 10, 1069-1083. https://doi.org/10.1007/
$10021-007-9080-5

White, K. P, Langley, J. A., Cahoon, D. R., & Megonigal, J. P.
(2012). C3 and C4 biomass allocation responses to elevated
CO2 and nitrogen: contrasting resource capture strategies.
Estuaries and Coasts, 35, 1028-1035. https://doi.org/10.1007/
$12237-012-9500-4

Wickland, K. P, Krusche, A. V., Kolka, R. K., Kishimoto-Mo,
A. W, Chimner, R. A., Serengil, Y., et al. (2014). Chapter 5:
Inland wetland mineral soils. In: T. Hiraishi, T. Krug, K.
Tanabe, N. Srivastava, J. Baasansuren, M. Fukuda, & T.G.
Troxler (Eds.), Intergovernmental Panel on Climate Change
Supplement to the 2006 Guidelines for National Greenhouse Gas
Inventories: Wetlands. Geneva, Switzerland: Intergovernmental
Panel on Climate Change.

Windham-Myers, L., Cai, W.-J., Alin, S. R., Andersson, A.,
Crosswell, J., Dunton, K. H., et al. (2018). Chapter 15:
Tidal wetlands and estuaries. In: Second State of the Carbon
Cycle Report: A Sustained Assessment Report (pp. 596-648).
Washington, DC: U.S. Global Change Research Program.
https://doi.org/10.7930/SOCCR2.2018.Ch15

Windham-Myers, L., Bergamaschi, B., Anderson, F., Knox, S.,
Miller, R. & Fujii, R. (2018). Potential for negative emissions
of greenhouse gases (CO2, CH4 and N20) through coastal
peatland re-establishment: Novel insights from high fre-
quency flux data at meter and kilometer scales. Environmental
Research Letters, 13(4), 045005. https://doi.org/10.1088/1748-
9326/aaac74


https://doi.org/10.1111/gcb.12341
https://doi.org/10.5194/bg-11-4559-2014
https://doi.org/10.1029/2004GL021009
https://doi.org/10.1029/2004GL021009
https://doi.org/10.1002/ajb2.1022
https://doi.org/10.1002/ajb2.1022
https://doi.org/10.5194/bg-10-2885-2013
https://doi.org/10.1016/j.scitotenv.2015.06.148
https://doi.org/10.1038/ncomms1523
https://doi.org/10.1038/ncomms1523
https://doi.org/10.1029/2007JG00496
https://doi.org/10.1029/2007JG00496
https://carbon2018.globalchange.gov/
https://doi.org/10.1002/hyp.1157
https://doi.org/10.1080/02626669909492234
https://doi.org/10.1080/02626669909492234
https://doi.org/10.1111/gcb.13213
https://doi.org/10.1007/s10021-007-9080-5
https://doi.org/10.1007/s10021-007-9080-5
https://doi.org/10.1007/s12237-012-9500-4
https://doi.org/10.1007/s12237-012-9500-4
https://doi.org/10.7930/SOCCR2.2018.Ch15
https://doi.org/10.1088/1748-9326/aaae74
https://doi.org/10.1088/1748-9326/aaae74

436 WETLAND CARBON AND ENVIRONMENTAL MANAGEMENT

Winter, T. C. (2000). The vulnerability of wetlands to climate Science of the Total Environment, 493, 974-982. https://doi.
change: A hydrologic landscape perspective. Journal of the org/10.1016/j.scitotenv.2014.06.088
American Water Research Association, 36, 305-311. https://  Zhu, J., Sun, G., Li, W,, Zhang Y., Miao, G., Noormets, A., et al.
doi.org/10.1111/5.1752-1688.2000.tb04269.x (2017). Modeling the potential impacts of climate change on
Xiong, X., Grunwald, S., Myers, D. B., Ross, C. W., Harris, W. the water table level of selected forested wetlands in the south-
G., & Comerford, N. (2014). Interaction effects of climate eastern United States. Hydrology and Earth System Sciences,
and land use/land cover change on soil carbon sequestration. 21, 6289-6305. https://doi.org/10.5194/HESS-21-6289-2017


https://doi.org/10.1111/j.1752-1688.2000.tb04269.x
https://doi.org/10.1111/j.1752-1688.2000.tb04269.x
https://doi.org/10.1016/j.scitotenv.2014.06.088
https://doi.org/10.1016/j.scitotenv.2014.06.088
https://doi.org/10.5194/HESS-21-6289-2017

This edition first published 2022
© 2022 American Geophysical Union

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by
any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by law. Advice on how to obtain

permission to reuse material from this title is available at http://www.wiley.com/go/permissions.

Published under the aegis of the AGU Publications Committee

Matthew Giampoala, Vice President, Publications
Carol Frost, Chair, Publications Committee
For details about the American Geophysical Union visit us at www.agu.org.

The right of Ken W. Krauss, Zhiliang Zhu, and Camille L. Stagg to be identified as the editors of this work has been asserted in
accordance with law.

Registered Office
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA

Editorial Office
111 River Street, Hoboken, NJ 07030, USA

For details of our global editorial offices, customer services, and more information about Wiley products visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that appears in standard
print versions of this book may not be available in other formats.

Limit of Liability/ Disclaimer of Warranty

While the publisher and authors have used their best efforts in preparing this work, they make no representations or warranties
with respect to the accuracy or completeness of the contents of this work and specifically disclaim all warranties, including
without limitation any implied warranties of merchantability or fitness for a particular purpose. No warranty may be created or
extended by sales representatives, written sales materials or promotional statements for this work. The fact that an organization,
website, or product is referred to in this work as a citation and/or potential source of further information does not mean that the
publisher and authors endorse the information or services the organization, website, or product may provide or recommendations
it may make. This work is sold with the understanding that the publisher is not engaged in rendering professional services. The
advice and strategies contained herein may not be suitable for your situation. You should consult with a specialist where
appropriate. Further, readers should be aware that websites listed in this work may have changed or disappeared between when
this work was written and when it is read. Neither the publisher nor authors shall be liable for any loss of profit or any other
commercial damages, including but not limited to special, incidental, consequential, or other damages.

Library of Congress Cataloging-in-Publication Data

Names: Krauss, Ken W,, editor. | Zhu, Zhiliang (Physical scientist),
editor. | Stagg, Camille L., editor.

Title: Wetland carbon and environmental management / Ken W. Krauss,
Zhiliang Zhu, Camille L. Stagg, editors.

Description: Hoboken, NJ : Wiley, [2022] | Series: Geophysical monograph
series | Includes index.

Identifiers: LCCN 2021027151 (print) | LCCN 2021027152 (ebook) | ISBN
9781119639282 (hardback) | ISBN 9781119639299 (adobe pdf) | ISBN
9781119639336 (epub)

Subjects: LCSH: Wetland management. | Carbon—Environmental aspects.

Classification: LCC QH75 .W4645 2022 (print) | LCC QH75 (ebook) | DDC
333.91/8-dc23

LC record available at https://lccn.loc.gov/2021027151

LC ebook record available at https://lccn.loc.gov/2021027152

Cover Design: Wiley
Cover Image: © Illustration created by Laura S. Coplin, U.S. Geological Survey

Set in 10/12pt Times New Roman by Straive, Pondicherry, India

10 9 8 7 6 5 43 21


http://www.wiley.com/go/permissions
http://www.agu.org
http://www.wiley.com



