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Preparing for Climate Change: Forestry and
Assisted Migration
Mary I. Williams and R. Kasten Dumroese

Although plants have moved across the landscape in response to changing climate for millennia, projections of
contemporary climate change suggest that forest tree species and populations will need to migrate faster than
their natural ability. Therefore, climate change adaptation strategies, such as assisted migration, have gained
attention since 2007. Effective implementation of assisted migration can only occur if target transfer guidelines
are developed because our current seed transfer guidelines, established to guide the movement of plant
materials, lack inherent spatial and temporal dynamics associated with climate change. This limitation restrains
reforestation practitioners from making decisions about assisted migration. Lack of operating procedures,
uncertainties about future climate conditions, risks associated with moving plants outside their current ranges,
and existing policies have hampered formal actions in forest management and conservation. We review the
current thinking on assisted migration of forest tree species and provide information that could facilitate
implementation.
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C limate has played a major role in
shaping vegetative growth, compo-
sition, and genetic variation across

landscapes (Jansen et al. 2007). Contempo-
rary changes in our atmosphere have caused
global mean temperatures to increase at rates
not previously experienced in geologic time
(Intergovernmental Panel on Climate
Change [IPCC] 2007) such that climate ap-
pears to be changing faster than plants can
adapt or migrate (Zhu et al. 2012, Gray and
Hamann 2013). Current climate projec-
tions require plants, in general, to annually
migrate 9,842�16,404 ft (3,000�5,000
m), which far exceeds their observed rates of
less than 1,640 ft (500 m) (Davis and Shaw
2001, Aitken et al. 2008, Lempriere et al.

2008). Long-lived species, such as trees, will
lag behind short-lived species in their ability
to adapt and track suitable climate condi-
tions (Jump and Penuelas 2005, Lenoir et al.
2008, Vitt et al. 2010). It may take several
generations (centuries to millennia) for a
tree population to become adapted through
evolution to a new climate (Beaulieu and
Rainville 2005, Ledig et al. 2012).

The mismatch in rates between climate
change and tree adaptation will have serious
impacts on forest growth and composition
and, subsequently, important consequences
for management and conservation (McKen-
ney et al. 2009, Chmura et al. 2011, Lo et al.
2011). Synchronization of tree growth with
seasonal cycles plays a major role in adaption

and patterns of genetic variation within and
among populations (Campbell 1974, 1979,
Morgenstern 1996). Growing season length
(i.e., frost-free season) has increased and will
continue to lengthen under contemporary
climate change (US Environmental Protec-
tion Agency 2010, Walsh et al. 2013). Al-
though a longer growing season may cause
an increase in forest productivity, it will
probably be offset by increased evaporation,
transpiration, and soil drying, thus making
forest systems vulnerable to earlier and lon-
ger fire seasons (Trenberth 2011, Joyce et al.
2013, Walsh et al. 2013). Furthermore, be-
cause initiation and cessation of growth are
influenced by temperature, precipitation,
and light (Morgenstern 1996), forest sys-
tems are likely to experience phenological
imbalances with longer growing seasons
such that bud break may occur earlier in the
spring, making those individual trees sus-
ceptible to weather events (e.g., freezing
temperatures and snowfall) and pest damage
(Parmesan 2007, Groffman et al. 2013,
Joyce et al. 2013). The expected impacts on
forests are not unlike what we have already
observed, such as landscape-scale tree mor-
tality due to mountain pine beetle outbreaks
in the Rocky Mountains (Bentz et al. 2010)
and prolonged drought and high tempera-
tures in the southwestern United States
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(Breshears et al. 2005) and Canadian boreal
forests (Michaelian et al. 2011). The im-
pacts will intensify during the latter half of
this century with forest systems continuing
to experience shifts in phenology (Chuine
2010) and range (Zhu et al. 2012, Gray and
Hamann 2013) and plants becoming poorly
adapted to the local climate where they are
growing (Aitken et al. 2008). For example,
suitable climate conditions for western larch
(Larix occidentalis) will shift northward and
upward in elevation during the next 90 years
at a rate that exceeds its natural migration
(Rehfeldt and Jaquish 2010). Without hu-
man assistance, some plant species will be
unable to adapt or migrate fast enough to
track projected changes in climate.

During the past 30 years, climate
change adaptation strategies have been pro-
posed. One strategy is assisted migration
(Peters and Darling 1985), defined as the
movement of species and populations to fa-
cilitate natural range expansion in direct
management response to climate change
(Vitt et al. 2010). Drawing from conven-
tional reforestation practices and proposed
adaptation strategies, we review the current
thinking on assisted migration of forest tree
species and provide information for nursery
managers, land managers, and restoration-
ists to consider in management planning.
Unlike recent reviews covering assisted mi-
gration, we expand implementation and
provide options, resources, and tools to
move forward. Our primary focus is on for-
est tree species and populations, but the in-
formation we provide is relevant to other na-
tive plant species.

An Adaptive Strategy
The climate will change more rapidly

than some populations can adapt, and many
landscapes are so fragmented that natural
migration is limited (Crowe and Parker
2008, Hannah 2008). Humans have been
moving plants for millennia, but the inten-
tional movement as an adaptive strategy to
climate change has only recently attracted
attention (Aubin et al. 2011, Hewitt et al.
2011, Ste-Marie et al. 2011). Assisted mi-
gration can fulfill diverse goals, such as pre-
venting species extinction, minimizing eco-
nomic loss, and sustaining ecosystem
services and biodiversity (Figure 1) (Aubin
et al. 2011, Ste-Marie et al. 2011, Winder et
al. 2011, Schwartz et al. 2012). For example,
to avoid economic loss (e.g., wood volume)
in the timber industry, seed sources and
populations (group of intermating individ-

uals in a geographic region having similar
genetic traits and climate adaptive ability) of
commercial trees could be moved within
their current range (i.e., assisted population
migration) or from their current range to
suitable areas just outside to keep pace with
changing climatic conditions (i.e., assisted
range expansion; Figure 1A and B). Move-
ment to locations far outside a species’ cur-
rent range is an option to prevent species
extinction (i.e., assisted species migration;
Figure 1C). For example, the rare tree Flor-
ida torreya (Torreya taxifolia) has been
planted on private lands in five US states
outside its current and historic range in an
effort to curtail extinction (Torreya Guard-
ians 2012).

Economic costs and ecological risks
(e.g., establishment failure or invasion) can
vary widely across the forms and goals of
assisted migration (Figure 1) but will prob-
ably increase with migration distance (Mu-
eller and Hellmann 2008, Vitt et al. 2010,
Pedlar et al. 2012). Moving the species or
population before the recipient site is suit-
able and inappropriate matching of the seed
source with the outplanting site in a pro-
jected area could increase establishment fail-
ure (Vitt et al. 2010). Assisted migration to
areas far outside the current range of a spe-
cies (e.g., Florida torreya) would carry
greater financial responsibilities and ecolog-
ical risks than assisted population migration
and assisted range expansion (Winder et al.
2011). Principle to in reforestation success is
using locally adapted plant materials; thus,
the greater the difference between seed ori-
gin and outplanting site, the greater the risk
in maladaptation. In other words, an in-
crease in distance (either geographic or cli-
matic) is usually associated with loss in pro-
ductivity, decrease in fitness, or mortality

(Rehfeldt 1983, Campbell 1986, Lindgren
and Ying 2000).

The intentional movement of species in
response to climate change does not come
without ethical, economical, legal, political,
and ecological issues (Schwartz et al. 2012).
Assisted migration is a sensitive strategy be-
cause it disrupts conservation objectives and
paradigms and raises scientific, policy, and
ethical questions (McLachlan et al. 2007).
Adoption requires us to balance extinction
or preservation of species against risks posed
by introduced species (e.g., invasion)
(Schwartz 1994). The debate, discussed
thoroughly elsewhere, is largely focused on
the assessment of risks and benefits (e.g.,
Ricciardi and Simberloff 2009, Aubin et al.
2011, Hewitt et al. 2011, Lawler and Olden
2011). Uncertainty about future climate
conditions and risks, such as genetic pollu-
tion, hybridization, impairment of ecologi-
cal function and structure, introduction of
pathogens, and bringing on invasive species
are major constraints to consensus and im-
plementation (Gunn et al. 2009, Aubin et al.
2011).

Forestry and Assisted Migration
In the literature discussing assisted mi-

gration of plants, forest tree species are high-
lighted most often because of their eco-
nomic value and focus in climate change
research; however, assisted migration con-
ducted for economic rather than conserva-
tion reasons is also cited as a major barrier to
implementation (Hewitt et al. 2011), mean-
ing that economic benefit may be an insuf-
ficient justification. We must recall, though,
that the need for good timber resources
played a significant role in the advancement
of natural sciences, such as genecology (the
study of genetic variation in relation to the

Management and Policy Implications

Climate is changing at a faster pace than natural plant migration, which poses a major challenge to forest
management and conservation. We can draw from a century of forest research and management to curtail
losses in forest growth, productivity, and conservation by implementing strategies, such as assisted
migration. Even though we have seed transfer guidelines and seed zones for many commercial tree
species, we lack clear, standard operating procedures to determine how, when, and where to implement
movement. Movements outside current guidelines and zones may run afoul of legal restrictions and state
and federal directives, but facilitating climatic adaptation through assisted migration has the potential to
preserve forest health and productivity, subsequently maintaining ecosystem services, such as carbon
sequestration, soil and water conservation, timber, and wildlife habitat. Our review and presentation of
current information for researchers, foresters, landowners, and nurseries provides components to consider
in their climate change adaptation plans.
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environment) (Langlet 1971). Given its
long tradition of research, development, and
application of moving genetic resources
through silvicultural operations, the forestry
profession is well suited to evaluate, test, and
use an assisted migration strategy (Beaulieu
and Rainville 2005, Anderson and Chmura
2009, McKenney et al. 2009, Winder et al.
2011). For commercial forestry, assisted mi-
gration can address the maintenance of pro-
ductivity and health in the coming decades
(Gray et al. 2011) and would pose fewer eco-
logical risks and economic costs because op-
erational frameworks already exist and re-
quire only slight modifications (Pedlar et al.
2012).

Forest management policy drafts to en-
courage assisted migration and trials of as-
sisted migration are currently underway in
North America. The Assisted Migration Ad-
aptation Trial (AMAT) is a large collective

of long-term experiments undertaken by the
British Columbia Ministry of Forests and
several collaborators, including the US De-
partment of Agriculture (USDA) Forest Ser-
vice and timber companies, that tests as-
sisted migration and climate warming
(Marris 2009). The program evaluates the
adaptive performance of 16 tree species col-
lected from a range of sources in British Co-
lumbia, Washington, Oregon, and Idaho
and planted on a variety of sites in British
Columbia. Important components of the
trial test how sources planted in northern
latitudes perform as the climate changes and
evaluate endurance of northern latitude
sources to warmer conditions in southern
latitudes. In the United States, movement
has been practiced for decades in the south-
east with southern pines (Pinus spp.), for
which seed sources are moved one seed zone
north to increase growth (Schmidtling

2001). Similarly, Douglas-fir (Pseudotsuga
menziesii) has been planted around the Pa-
cific Northwest to evaluate their growth re-
sponse to climatic variation (Erickson et al.
2012).

In Canada, several provinces have mod-
ified policies or developed tools to enable
assisted migration. Seed transfer guidelines
for Alberta were revised to extend current
guidelines northward by 2° latitude and up-
slope by 656 ft (200 m) (Natural Resources
Canada 2013) and guidelines for some spe-
cies were revised upslope by 656 ft (200 m)
in British Columbia (O’Neill et al. 2008).
Alberta is considering ponderosa pine (Pinus
ponderosa) and Douglas-fir, now absent in
the province, as replacements for lodgepole
pine (Pinus contorta) because it is predicted
to decline in productivity or suffer from ex-
tinction under climate change (Pedlar et al.
2011). Policy in British Columbia also al-
lows the movement of western larch to suit-
able climatic locations just outside its cur-
rent range (Natural Resources Canada
2013). To test species range limits in Que-
bec, northern sites are being planted with a
mixture of seed sources from the southern
portion of the province. Using seed transfer
and provenance data of several commercial
tree species, Quebec and Ontario have tools
available that guide seed transfer decisions
within their provinces (e.g., Optisource
[Beaulieu 2009] and BioSim [Regniere and
Saint-Amant 2008] in Quebec and Seed-
Where in Ontario [McKenney et al. 1999]).

The lack of assisted migration projects
in the United States does not suggest that
natural resource agencies, managers, land
owners, and stakeholders are not consider-
ing it as a climate change strategy; for exam-
ples, see Anderson and Chmura (2009), Er-
ickson et al. (2012), Finch (2012), Gunn et
al. (2009), and St. Clair and Howe (2009).
The USDA Forest Service anticipates using
assisted migration of species to suitable hab-
itats to facilitate adaptation to climate
change (USDA Forest Service 2008). How-
ever, these management statements imply
that assisted migration should only be im-
plemented in cases in which past research
supports success (Johnson et al. 2013). Un-
certainties about future climate conditions,
risks associated with moving species and
populations outside their current ranges,
and existing policies have hampered prelim-
inary studies and formal actions. Across fed-
eral, state, and private groups in the United
States, very few adaptation and mitigation
plans have been implemented or evaluated

Figure 1. Assisted migration can occur in a variety of forms to fulfill diverse goals (Ste-Marie
et al. 2011, Winder et al. 2011). To avoid economic loss in the timber industry, seed sources
and populations (e.g., genotypes) of commercial trees could be moved within their current
range (A) or from their current range to suitable areas just outside (B) to keep pace with
changing conditions (e.g., warmer climates). Movement to locations far outside current
ranges is an option to prevent species extinction (C). Risks can vary widely across the forms
of assisted migration but would probably increase with migration distance (Mueller and
Hellmann 2008, Vitt et al. 2010, Pedlar et al. 2012). For example, assisted migration to
areas far outside its current range (e.g., C) would carry greater financial responsibilities and
ecological risks (Winder et al. 2011).
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despite the increase in the amount of land
management planning during the past 30
years (Bierbaum et al. 2013). Frameworks
(e.g., Hoegh-Guldberg et al. 2008, Richard-
son et al. 2009, Vitt et al. 2010, McDonald-
Madden et al. 2011), tools (e.g., McKenney
et al. 1999, Howe et al. 2009, Lawler and
Olden 2011), and implementations (e.g.,
Pedlar et al. 2011) have been introduced to
make informed decisions about assisted mi-

gration (Table 1). Bioclimatic models cou-
pled with species genetic information in a
geographic information system (GIS) can be
used to identify current and projected distri-
butions (e.g., Rehfeldt and Jaquish 2010,
McLane and Aitken 2012, Notaro et al.
2012). Although modeled projections have
some uncertainty (i.e., in future climate pre-
dictions and tree responses, as discussed in
Park and Talbot 2012), they provide an in-

dication of how climatic conditions will
change for a particular site. As foresters, we
can gain considerable knowledge from past
reintroductions, given our long history of
moving and reestablishing species and from
provenance trials established across a wide
range of latitudes (Maschinski and Haskins
2012, Pedlar et al. 2012). Provenance stud-
ies, originating in France in 1745 (Langlet
1971), evaluate the performance and growth

Table 1. Resources related to native plant transfer guidelines, climate change, and assisted migration for the United States and
Canada.

Resource or program Description Authorship

Center for Forest Provenance Data
cenforgen.forestry.oregonstate.edu/index.php

Public users able to submit and retrieve tree
provenance and genecological data

Oregon State University and USDA Forest Service

Centre for Forest Conservation Genetics
www.genetics.forestry.ubc.ca/cfcg/

Portal for forest genetics and climate
change research conducted in British
Columbia, Canada

The University of British Columbia

Climate Change Resource Center
www.fs.fed.us/ccrc/

Information and tools about climate change
for land managers and decisionmakers

USDA Forest Service

Climate Change Tree Atlas
www.nrs.fs.fed.us/atlas/tree/tree_atlas.html

An interactive database that maps current
(2000) and potential status (2100) of
eastern US tree species under different
climate change scenarios

USDA Forest Service

Forest Seedling Network
www.forestseedlingnetwork.com

Interactive website connecting forest
landowners with seedling providers and
forest management services and
contractors; includes seed zone maps

Forest Seedling Network

Forest Tree Genetic Risk Assessment System (ForGRAS)
www.forestthreats.org/research/projects/project-
summaries/genetic-risk-assessment-system

Tool to identify tree species at risk of
genetic degradation in the Pacific
Northwest and Southeast

North Carolina State University and USDA Forest
Service

MaxEnt (Maximum Entropy)
www.cs.princeton.edu/�schapire/maxent/

Software that uses species occurrences and
environmental and climate data to map
potential habitat; can be used to develop
seed collection areas

Phillips et al. (2006)

Native Seed Network
www.nativeseednetwork.org/

Interactive database of native plant and
seed information and guidelines for
restoration, native plant propagation,
and native seed procurement by
ecoregion

Institute for Applied Ecology

Seed Zone Mapper
www.fs.fed.us/wwetac/threat_map/SeedZones_Intro.html

An interactive seed zone map of western
North America; user selects areas to
identify provisional and empirical seed
zones for grasses, forbs, shrubs, and
conifers; map displays political and
agency boundaries, topography, relief,
streets, threats, and resource layers

USDA Forest Service

Seedlot Selection Tool
sst.forestry.oregonstate.edu/index.html

An interactive mapping tool to help forest
managers match seedlots with
outplanting sites based on current
climate or future climate change
scenarios; maps current or future
climates defined by temperature and
precipitation

Oregon State University and USDA Forest Service

SeedWhere
glfc.cfsnet.nfis.org/mapserver/seedwhere/seedwhere-
about.php?lang�e

GIS tool to assist nursery stock and seed
transfer decisions for forest restoration
projects in Canada and the Great Lakes
region; can identify geographic
similarities between seed sources and
outplanting sites

Natural Resources Canada, Canadian Forest
Service

System for Assessing Species Vulnerability (SAVS)
www.fs.fed.us/rm/grassland-shrubland-desert/
products/species-vulnerability/

Software that identifies the relative
vulnerability or resilience of vertebrate
species to climate change; provides a
framework for integrating new
information into climate change
assessments

USDA Forest Service

Most programs are easily located by searching their names in common web browsers. All URLs were valid as of June 21, 2013.
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of populations from different geographic lo-
cations grown in common garden sites
(Jump et al. 2009, Erickson et al. 2012).

In the following sections, we consult
the current literature and address implemen-
tation of assisted migration. Albeit similar to
conventional reforestation approaches that
foresters have been practicing for more than
a century, assisted migration will be funda-
mentally dictated by space, time, and, of
course, available plant materials. In lieu of
detailing specific, conventional instructions,
we illustrate implementation from an as-
sisted migration and climate change per-
spective and highlight some of the spatial
and temporal challenges. The Nursery Man-
ual for Native Plants (Dumroese et al. 2009),
Raising Native Plants in Nurseries: Basic Con-
cepts (Dumroese et al. 2012), volumes of The
Container Tree Nursery Manual (Landis et al.
1989, 1998, 2010), The Society for Ecolog-
ical Restoration International Primer on Eco-
logical Restoration (Society for Ecological
Restoration 2004), and the Woody Plant
Seed Manual (Bonner et al. 2008) are some
resources to consult for seed and plant col-
lection, propagation, site selection and prep-
aration, outplanting, and maintenance. Spe-
cifically, the Target Plant Concept (Landis
et al. 2010), which is the culturing of stock
types for specific outplanting goals and ob-
jectives, has been practiced in reforestation
operations during the past 30 years and can
be applied to assisted migration plans.

Implementation

Species Selection
Of the published frameworks, a deci-

sion matrix presented by Hoegh-Guldberg
et al. (2008) helps to identify species risk and
feasibility of migration under climate
change (Figure 2). Species most vulnerable
to climate change are rare, long-lived, locally
adapted, geographically and genetically iso-
lated, and threatened by fragmentation and
insect and disease outbreaks (Erickson et al.
2012). Assisted migration can target com-
mercial tree species that are predicted to de-
cline in productivity due to changes in cli-
mate (O’Neill et al. 2008) or pests (Guerrant
2012). Listing tree species as candidates for
assisted migration is a practical first step
(Hunter 2007, Vitt et al. 2010, Pedlar et al.
2011) but requires a substantial amount of
knowledge about the species and their cur-
rent and projected distributions, including
rotation lengths. The USDA Forest Service
has begun to identify tree species at risk of

genetic degradation in the Pacific Northwest
and Southeast using the Forest Tree Genetic
Risk Assessment System (ForGRAS). Prov-
enance and distribution data exist for several
commercial tree species and can be used to
estimate their response to climate scenarios
(e.g., Leites et al. 2012). The Center for For-
est Provenance Data provides an online da-
tabase of tree provenance information (St.
Clair et al. 2013), and the Climate Change
Tree Atlas is a spatial database containing
the current and potential status of 134 east-
ern US tree species (Prasad et al. 2007) (Ta-
ble 1).

Available habitat, endangered status,
migration potential, and rotation length are
considerations in the species selection pro-
cess (McKenney et al. 2009, Vitt et al.
2010). Maintaining or improving conserva-

tion plans would be sufficient for species at
low risk, whereas species at moderate or high
risk require more involved actions. Assisted
migration might be warranted if a species is
at high risk of decline or extinction and can
be established, and its migration provides
more benefit than cost. Conservation and
facilitating adaptation are alternative op-
tions to consider. Reducing fragmentation,
increasing landscape connections, and creat-
ing suitable habitats could facilitate “natu-
ral” migration (Hoegh-Guldberg et al.
2008, St. Clair and Howe 2009, Ciccarese et
al. 2012). Collecting and storing seed can
also facilitate migration. For example, Al-
berta is collecting and storing limber pine
(Pinus flexilis) and whitebark pine (Pinus al-
bicaulis) seed for reintroduction into current
ranges or relocation to ranges projected to

Figure 2. A decision framework from Hoegh-Guldberg et al. (2008) to determine adaption
strategies for a plant species or population that has conservation, economic, or social value.
Genetic information, bioclimatic models, historical records, and current assisted migration
experiments can be consulted in navigating the framework (see Lawler and Olden 2011).
Implementation of assisted migration is dependent on the species’ risk of decline or
extinction, establishment, and biological, economic, and social benefits and costs.
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have favorable climate conditions (Pedlar et
al. 2011). Risk status will change over time
as climatic and landscape conditions change.
Existing tools and programs (described in
detail in Beardmore and Winder 2011 and
Friggens et al. 2012) such as the Nature-
Serve Climate Change Vulnerability Index
(NatureServe 2011), System for Assessing
Species Vulnerability (SAVS) (Bagne et al.
2011), and Seeds of Success program (Byrne
and Olwell 2008) are available to determine
a species’ risk to climate change (Table 1).
Vulnerability assessments are often the first
step in developing adaptation strategies for a
species (Friggens et al. 2012).

Target Migration Distance
How far we move plant materials to fa-

cilitate migration will depend on goals
(Figures 1 and 2), the target species and pop-
ulations, location, projected climatic condi-
tions, and time. Target migration distance is
the distance that populations should be
moved to address future climate change and
ensure adaptation throughout a tree’s life-
time (O’Neill et al. 2008). Target migration
distance can be geographic (e.g., feet or me-
ters along an elevation gradient), climatic
(e.g., change in number of frost-free days
along the same elevational gradient), and/or
temporal (e.g., date when the current cli-
mate of the migrated population equals the
future climate of the outplanting site). In
current tree improvement programs, seed
transfer guidelines and zones are used to de-
termine the safest distance that a population
can be moved to avoid maladaptation (John-
son et al. 2004). Transfer functions, derived
from provenance trials, are used to deter-
mine safe seed transfer distances that are
then used to delineate geographic boundar-
ies or climatic bands of fixed and focal point
seed zones (Raymond and Lindgren 1990,
McKenney et al. 2009). Because genetic
variation differs by species and location, safe
seed transfer distances also vary. Douglas-fir
has the largest north to south distribution of
any commercial conifer in North America
and subsequently much local adaptation
within populations influenced by elevation,
latitude, and longitude (Rehfeldt 1979).
Across Washington and Oregon, the varia-
tion in Douglas-fir changes more rapidly
along an elevational gradient than that of
western redcedar (Thuja plicata). Thus, safe
seed transfer distances, in general, will be
much shorter for Douglas-fir than for west-
ern redcedar (Johnson et al. 2004). Further,
seed zones can range from a few thousand

acres (hectares) to many thousands of square
miles (kilometers) depending on geographic
features. In the western mountains of North
America, the environment varies dramati-
cally over very short distances. As a result,
many narrow, species-specific seed transfer
guidelines and seed zones exist in western
North America relative to fewer, broader
guidelines and zones in eastern North Amer-
ica (Randall and Berrang 2002). Growth
and productivity of most southeastern pines,
for example, are influenced by annual aver-
age minimum temperatures and can be
transferred to outplanting sites along an
east-west gradient and to sites within 5° F
(�15° C) of their source location (Schmid-
tling 2001).

Paramount to any assisted migration ef-
fort will be the movement of populations to
sites that are climatically suitable for growth
and productivity at some point in the future
(Pedlar et al. 2011). For a species or popula-
tion, this may entail moving seed across
seed-zone boundaries or beyond transfer
guidelines (Ledig and Kitzmiller 1992). As-
sisted migration will be best implemented
where seed transfer guidelines and zones are
currently in place and most successful if
based on climate conditions (McKenney et
al. 2009). Provenance data, seed transfer
guidelines, and seed zones can be used to
ensure that trees being established today will
be adapted to future climates (Pedlar et al.
2012). General tree seed transfer guidelines
developed by the USDA (McCall et al.
1939) have since improved for commercial
tree species through provenance trials, but
most are not adjusted for the spatial and
temporal dynamics associated with contem-
porary climate change. For reforestation
practitioners, this is a major limitation in
making informed decisions about assisted
migration. Transfer research must factor in
climate change scenarios because plant ma-
terials guided by current seed transfer guide-
lines and seed zones might be faced with un-
favorable growing conditions by the end of
this century. An overwhelming conundrum
for assisted migration lies in the matching of
existing plant materials (seed, nursery stock,
or genetic material) with future ecosystems
that have different climate conditions (Pot-
ter and Hargrove 2012).

Because long-lived tree species may take
several decades to reach sexual reproductive
maturity and many generations to produce
locally adapted genotypes (Ledig et al. 2012,
Potter and Hargrove 2012), target migra-
tion distances must be short enough to allow

survival, but long enough to ensure adapta-
tion toward the end of a rotation, or lifespan
of a tree plantation (McKenney et al. 2009).
Therefore, target migration distances are
needed for short- and long-term planning
efforts and will require adjustments as new
climate change information comes to light.
Methods using transfer functions and prov-
enance data have been developed to guide
seed movement under climate change (e.g.,
Beaulieu and Rainville 2005, Wang et al.
2006, Crowe and Parker 2008, Thomson et
al. 2010, Ukrainetz et al. 2011). Online
tools are available to assist forest managers
and researchers in making decisions about
matching seedlots with outplanting sites and
seed transfer (Table 1). The Seedlot Selec-
tion Tool (Howe et al. 2009) is a mapping
tool that matches seedlots with outplanting
sites based on current or future climates for
tree species such as Douglas-fir, ponderosa
pine, and western redcedar, and SeedWhere
(McKenney et al. 1999) can map out poten-
tial seed collection or outplanting sites based
on climatic similarity of chosen sites to a
region of interest. Bioclimatic models map-
ping current and projected seed zones have
also been assessed for aspen (Populus tremu-
loides) (Gray et al. 2011); lodgepole (Wang
et al. 2006), longleaf (Pinus palustris) (Potter
and Hargrove 2012), and whitebark pines
(McLane and Aitken 2012); dogwood (Cor-
nus florida) (Potter and Hargrove 2012); and
western larch (Rehfeldt and Jaquish 2010).
Preliminary work in Canada on most com-
mercial tree species demonstrates that target
migration distances would be short, occur-
ring within current ranges (O’Neill et al.
2008, Gray et al. 2011). For some tree spe-
cies, target migration distances are
�656,168 ft (200 km) north or �328 ft
(100 m) up in elevation during the next 20
to 50 years (Beaulieu and Rainville 2005,
O’Neill et al. 2008, Pedlar et al. 2012, Gray
and Hamann 2013). The short-distance
movements, however, may not be adapted
to their climatic conditions at the end of this
century (Gray and Hamann 2013). Given
the uncertainty in global climate model pre-
dictions beyond 2050, it will be difficult to
estimate migration distances for long-rota-
tion tree species, but this is not evidence to
counter the long-term management plan-
ning (Gray and Hamann 2011, Gray et al.
2011).

Deployment Strategies
When and where you plant a long-lived

species in a rapidly changing climate may be
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one of the most significant and perplexing
components of assisted migration (Mc-
Donald-Madden et al. 2011). Maladapta-
tion may occur if a species is introduced too
soon to its “new” environment, or a species
may competitively interact with other spe-
cies, causing loss of ecosystem function or
structure (Aubin et al. 2011). Optimal tim-
ing will depend on the target population,
cost, and carrying capacity of seed source
and outplanting locations (McDonald-
Madden et al. 2011). Assisted migration ex-
periments coupled with projected climate
change may help determine the best time to
deploy plant materials (Lawler and Olden
2011). Outplanting at high densities can al-
low for natural and artificial selection by
thinning, thereby removing the maladapted
or slow-growing trees (St. Clair and Howe
2009), however with the downside of higher
costs.

Existing reforestation guidelines focus
on using local seed sources because they are
best adapted to the local conditions (Kramer
and Havens 2009). In the context of climate
change, however, “local” becomes irrele-
vant. A key challenge in forestry is to develop
an adaptive program that conserves the evo-
lutionary potential of a tree species and/or
population, which relates directly to seed se-
lection, production, and collection (Crowe
and Parker 2008). The goal is to select and
deploy seed sources adapted to future cli-
mate conditions at target outplanting sites,
i.e., seed sources that show the least amount
of maladaptation and outbreeding and in-
breeding depression over time (Breed et al.
2012). To alleviate concerns about suitabil-
ity of local populations as seed sources,
Breed et al. (2012) developed a seed source
(provenance) decision framework, in which
strategies (predictive, composite, and ad-
mixture provenancing) are selected based on
climate change projections and level of ge-
netic and environmental information about
a population. Predictive provenancing (Sgrò
et al. 2011) couples population growth data
with climate change and bioclimatic models
to identify genotypes adapted to future cli-
matic conditions (e.g., Beaulieu and Rain-
ville 2005, Crowe and Parker 2008, Reh-
feldt and Jaquish 2010, Wang et al. 2010).
When done correctly, predictive provenanc-
ing can reduce maladaptation, but there is
high uncertainty in climate forecasts beyond
2050 such that if climate change predictions
are incorrect, selected genotypes may fail to
establish (Aubin et al. 2011, Breed et al.
2012). Gray and Hamann (2011) used bio-

climatic modeling and multivariate ap-
proaches to identify the best matching seed
sources for current and projected climates
(2020, 2050, and 2080) in Alberta. Al-
though they encourage the use of identified
seed sources for current and 2020 projec-
tions, they discourage using seed sources
identified for 2050 and 2080 because of the
high uncertainty with climate modeling.
Composite provenancing (Broadhurst et al.
2008) is the collection of seed near the out-
planting site and from distant but climati-
cally similar sites. It prescribes collecting
from populations of increasing distance in
an attempt to mimic gene flow patterns in
the direction of predicted climate change
(Breed et al. 2012). Both predictive and
composite provenancing require population
growth and genetic information coupled
with climate change projections.

Where we lack genetic information and
associated climatic model projections for
target tree populations, admixture prov-
enancing (Breed et al. 2012), climatic
matching of outplanting site with seed
source (McKenney et al. 2009), and broad-
ening of collection guidelines to capture a
diversity of genotypes from various environ-
ments (Broadhurst et al. 2008) can increase
a population’s chance for adaptation in as-
sisted migration efforts. Admixture prov-
enancing (Breed et al. 2012) is the collection
of seed from a large population across differ-
ent environments with no spatial bias to the
outplanting site. Guidelines that focus on
increasing the genetic diversity within the
deployment population provide some long-
term insurance that would counter against
uncertainty in climate predictions and spe-
cies reactions to climate change (Ledig and
Kitzmiller 1992, St. Clair and Howe 2009,
Vitt et al. 2010), although extremely high
levels of diversity may swamp the few indi-
viduals in a collection that are adapted to
either the current or future climate condi-
tions (Falk et al. 2001). Therefore, the level
of diversity should match the level of climate
uncertainty. Seed from tree seed orchards
might be favored over local and natural
sources because these trees have been se-
lected to produce offspring that perform
well across a large geographic area (Randall
and Berrang 2002), but it is not clear how
climate change will affect seed production
over time for each species (Pedlar et al.
2011). Provisional seed zones can also be
used to select deployment areas for species
and populations (Table 1). Tree improve-
ment programs in North America can pro-

vide opportunities to breed and select for
traits, such as drought tolerance (St. Clair
and Howe 2009). Allowing for physiological
or morphological variation in nursery stock
might serve to facilitate natural selection to
future climates, more so than planting stock
that has uniformity in traits (Anderson and
Chmura 2009).

Commercial tree species have a long
history of human-assisted propagation;
therefore, site selection will be largely deter-
mined by harvest and reforestation opera-
tions (and, by their very nature, produce
outplanting sites) (Pedlar et al. 2011). Cur-
rent and projected seed zones generated
from bioclimatic models in GIS can identify
suitable outplanting sites. SeedWhere (Mc-
Kenney et al. 1999) and the Seedlot Selec-
tion Tool (Howe et al. 2009) operate a focal
point seed zone system that rates climatic
similarity between a planting site and a pop-
ulation’s distribution across a region of in-
terest in North America. Output maps allow
users to view and choose desired levels of
climatic conditions for seed collection or
outplanting (McKenney et al. 2009). Cre-
ation of outplanting sites might be necessary
for species and populations at moderate or
high risk of decline (Hoegh-Guldberg et al.
2008, Aubin et al. 2011). Use of disturbed
areas as outplanting sites to test assisted mi-
gration is another option, especially where a
species or population is experiencing habitat
loss (Jones and Monaco 2009, Aubin et al.
2011). Soil surveys and ecological site de-
scriptions provide additional support in site
selection (Herrick et al. 2006).

Maintenance and Monitoring
Throughout the entire assisted migra-

tion process, careful documentation is criti-
cal. All assisted migration efforts should start
with species and provenance information—
location and size of seed source and popula-
tion, outplanting design (date and density),
outplanting location (climate, aspect, slope,
and site preparation), and assessment of sur-
vival and recruitment (Breed et al. 2012).
Postestablishment maintenance, such as
herbicide application and pest/predation
control, can be used to help plants establish.
Measures that determine success, such as
growth standards, reproductive fitness or
ability, ecosystem health assessments, and
degree of invasiveness will be critical to as-
sisted migration efforts (Aubin et al. 2011,
Winder et al. 2011, Pedlar et al. 2012).
Short-term (first few months to 1 year) and
long-term (�3 years) monitoring of survival
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and growth will provide valuable feedback
about target plant characteristics and mea-
sures for success to nursery and land manag-
ers (Landis et al. 2010). A lag in response
time to both climate change and assisted mi-
gration will make it especially difficult to de-
termine success, in addition to the fact that
the ecological consequences of assisted mi-
gration on recipient ecosystems may be de-
layed and/or difficult to measure. Projects
may need long-term intervention due to un-
certainties about the impact of a species mi-
gration. Monitoring will provide valuable
information about tree response and provide
feedback to decision frameworks.

Additional Considerations
The biological, operational, and ad-

ministrative tradeoffs are vital consider-
ations in development of target migration
distances for future climate scenarios. Cost
will increase as the number of seed zones
increases relative to seed and nursery pro-
duction (stock, storage, and delivery), along
with the increased burden of administrative
regulations, and recordkeeping (Lindgren
and Ying 2000). The lack of target migra-
tion distances is a major limitation in mak-
ing informed decisions about assisted migra-
tion, given the uncertainty about which
climate to prepare for. This brings to light
the spatial and temporal challenges associ-
ated with assisted migration and climate
change adaptation strategies in general.
Managers should prepare for all climate sce-
narios (Park and Talbot 2012), but with sev-
eral emissions scenarios (IPCC 2000) and
many global climate models (IPCC 2007),
this is an overwhelming task, even in light of
new scenarios and models in the forthcom-
ing IPCC Assessment Report (IPCC 2013).
Climate change projections are developed at
broader spatial and temporal scales than
land management planning, but managers
can refer to downscaled output scenarios
specific to local regions to help understand
the range of possibilities (Daniels et al.
2012). Further, projected scenarios can be
combined into consensus maps showing
agreements, which have been demonstrated
for Brewer spruce (Picea breweriana) (Ledig
et al. 2012) and Douglas-fir (Wang et al.
2012).

Small-scale experiments, such as out-
planting of fast-growing trees adapted to
projected climate in the next 15–30 years or
randomly outplanting a variety of seed
sources in one area and monitoring their
adaptive response (similar to provenance tri-

als) can provide valuable information and
feedback to assisted migration frameworks
(Pedlar et al. 2011, Park and Talbot 2012).
A way to address uncertainty in climate
change forecasts is to conserve and/or maxi-
mize genetic and geographic diversity in
plant materials (Ledig and Kitzmiller 1992,
Sgrò et al. 2011). Diversity is an insurance
policy, providing populations with adaptive
and evolutionary abilities to offset climate
change (Lynch and Walsh 1998). Genetic
diversity can be conserved by protecting nat-
ural reserves in heterogeneous landscapes,
through provenance and seed source tests,
and collecting seed from many populations
across their geographic range for long-term
storage (St. Clair and Howe 2009, Sgrò et al.
2011). A seed collection from high-elevation
seed zones could also be supplemented with
seeds from a lower-elevation seed zone, with
the assumption that the higher-elevation
sites will become warmer due to climate
change (Friggens et al. 2012).

Assisted migration may not be appro-
priate for every species, population, or eco-
system. Changes in climate are increasing
the likelihood, frequency, and intensity of
extreme weather events, such as heat waves,
floods, and drought (Walsh et al. 2013).
Over most of the United States, heat waves
will be a common occurrence (Karl et al.
2008), contributing to drought and wild-
fires (Trenberth 2011). Climate change ef-
fects might be so abrupt that assisted migra-
tion may not be an option, even within a
species’ current range. Reductions in fire fre-
quency from 100 to 300 years to 30 years,
for example, have the potential to quickly
shift some forest systems to woodlands and
grasslands (Westerling et al. 2011), thereby
reducing the availability of genetic resources
needed to move tree populations. By 2100,
an estimated 55% of landscapes in the west-
ern United States may exhibit climates that
are incompatible with vegetation ecosystems
occurring there today (Rehfeldt et al. 2006).
Evaluation of complementary actions, such
as ecosystem engineering (e.g., using drasti-
cally disturbed areas as sites to test assisted
migration) and landscape connectivity (e.g.,
reduce fragmentation) are warranted (Jones
and Monaco 2009, Seddon 2010, Lawler
and Olden 2011). Notwithstanding, plant
survival may be more determined by avail-
ability of suitable recipient ecosystems (Au-
bin et al. 2011), existence of landscape con-
nections needed for plants to move (Hannah
2008), and intensity of insect outbreaks (Lo-
gan et al. 2003, Bentz et al. 2010). The

mountain pine beetle outbreaks in the
Rocky Mountains on lodgepole pine popu-
lations, for example, are accelerated by warm
temperatures and low precipitation to such
an extent that even changes in management
cannot curtail their impact (Regniere and
Bentz 2008).

Conclusion
Forest management and conservation

plans need to incorporate climate change re-
search as it becomes available (Peters and
Darling 1985). We can predict with some
certainty how species, populations, and eco-
systems will be affected by climate change
(Chmura et al. 2011), and adaptive frame-
works that lead to action are pertinent
(McLachlan et al. 2007, Lawler and Olden
2011, Park and Talbot 2012). Ultimately
our capacity to implement assisted migra-
tion will be limited by politics, cost, loca-
tion, and time; however, synthesizing what
we already know about plant adaptation and
climate change is a necessary start. Target
migration distances can be estimated with
provenance data (e.g., adaptive traits and
geographic and climatic characteristics) and
modeling tools, but we need researchers to
collaborate and incorporate data into a cen-
tral warehouse (e.g., Center for Forest Prov-
enance Data; Table 1). Most importantly,
land managers testing new adaptation strat-
egies must share their successes and failures
across landscapes, regions, and agencies and
provide feedback to adaptive management
plans. The key to long-term success is the
integration of current research with both
short and long-term experiments.
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