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INTRODUCTION

Climate change may represent the greatest challenge ever
faced by forest managers, conservation biologists, and ecol-
ogists, with already realized and projected impacts that
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Abstract

There is increasing momentum to implement conservation and management
approaches that adapt forests to climate change so as to sustain ecosystem
functions. These range from actions designed to increase the resistance of cur-
rent composition and structure to negative impacts to those designed to transi-
tion forests to substantially different characteristics. A component of many
adaptation approaches will likely include assisted migration of future
climate-adapted tree species or genotypes. While forest-assisted migration
(FAM) has been discussed conceptually and examined experimentally for
almost a decade, operationalizing FAM (i.e., routine use in forest conservation
and management projects) lags behind the acceptance of the need for climate
adaptation. As the vulnerability of forest ecosystems in climate change
increases, FAM may need to become an integral management tool to reduce
long-term risks to ecosystem function, despite real and perceived barriers for
its implementation. Here we discuss the concept of operational-scale FAM and
why it remains a controversial, not yet widely adopted component of climate
adaptation. We present three case studies of operational-scale FAM to illus-
trate how the practice can be approached pragmatically within an adaptation
framework despite the barriers to acceptance. Finally, we discuss a path
toward advancing the wide use of operational-scale FAM.

KEYWORDS
ecosystem function, operational scale, regeneration, resilience, resistance, silviculture,
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include changes in forest productivity (Bottero et al., 2017)
and tree habitat suitability (Peters et al., 2020), cata-
strophic tree mortality, and altered pest behavior (Bentz
et al., 2010). Concerns over these impacts are reflected by
an ever-increasing focus on developing strategies to
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increase the adaptive capacity of forests (Nagel et al., 2017;
Rissman et al., 2018).

One potential component of forest adaptation strategies
that remains controversial is assisted migration of
future-adapted genotypes and species of trees (Aubin
et al., 2011), often done to compensate for projected loss of
habitat and decline of native species of commercial, cultural,
and ecological values. Debates in the literature often hinge
upon the nuances of assisted migration terminology relative
to the potential conservation and management goals
(Dumroese et al., 2015). For instance, to distinguish it from
species-rescue-assisted migration, which primarily aims
to avoid extinction of species of conservation concern
(e.g, McLane & Aitken, 2012), forest-assisted migration
(FAM) has been used in the context of forests to broadly
maintain function, productivity, and ecosystem services
(Pedlar et al., 2012). Although both carry elements of
uncertainty, FAM may be entrained with less of the assisted
migration controversy (Aubin et al, 2011; Ricciardi &
Simberloff, 2009) because it fits within broader climate
change adaptation approaches aimed at maintaining
ecosystems at larger scales (Swanston et al., 2016).

Concepts, policies, and decision-making frameworks for
use of FAM have been reviewed extensively over the last
decade (e.g., Park & Talbot, 2018; Pedlar et al, 2012;
Williams & Dumroese, 2013), with potential outcomes of
FAM primarily explored with modeling (e.g., Duveneck &
Scheller, 2015; Gray & Hamann, 2013), or inferred from
examinations of provenance trials spanning a range of cli-
mate conditions (e.g., Aitken et al., 2008). Until recently,
however, there have been few published examples that illus-
trate how to incorporate FAM into climate change adapta-
tion strategies at sufficiently large, operational scales that are
translatable to forest conservation and management strate-
gies (Clark et al., 2021; Etterson et al., 2020; Muller
et al., 2019; Young et al., 2020). A lack of operational-scale
implementation of FAM, where we define operational as the
practice being applied in actual forest management projects,
rather than strictly in a research setting, likely reflects the
inexperience of forest managers and conservation biologists
with the concept, a belief that FAM carries too high a risk
(Findlater et al., 2021), a perceived lack of social license to
pursue FAM broadly (Neff & Larson, 2014), and strong
adherence to the precautionary principle (Ricciardi &
Simberloff, 2009). Given that many forests are at risk or have
already fundamentally changed (e.g., Allen et al., 2010),
FAM may nevertheless be an essential tool for climate adap-
tation to insure against change and with lower long-term
risk to ecosystem vulnerability.

Despite uncertainty that may be limiting widespread,
operational use of FAM, there is at the same time a growing
urgency to evaluate, demonstrate, and implement climate
change adaptation strategies in forests (Schmitt et al., 2021).

There is also a growing recognition that climate adaptation
in forests must expand beyond a focus on maintaining tim-
ber production capacity to be inclusive of maintaining a
broad range of ecosystem services (e.g., D’Amato, Jokela,
et al., 2018; Rissman et al., 2018). It is therefore unlikely that
these objectives can be met without greatly increasing the
use of FAM, which likely will also require increased commu-
nication and cooperation between research scientists and
forest managers to achieve the desired aims for FAM.

Yet the devil is in the details regarding operational-scale
use of FAM; there are different forms of FAM applicable to
different adaptation approaches that carry varying degrees
of risk (Dumroese et al., 2015). Increased understanding of
how FAM can be incorporated into climate change adap-
tation strategies in ways that can satisfy different levels of
experience and risk acceptance may lead to wider use.

Our goal in this article is to show how FAM can be
incorporated into climate change adaptation strategies in
managed forests in ways that will facilitate informed use
and generation of best practices by foresters and conser-
vation biologists. Our specific objectives include (1) exam-
ining the role of FAM in the context of a range of climate
change adaptation strategies and (2) highlighting exam-
ples of operational-scale use of FAM in adaptation dem-
onstrations in the eastern United States, specifically in
the Northwoods of Minnesota and in New England.
We focus on this region as it represents the most forested
region in United States and is already experiencing the
impacts caused by climate change (Swanston et al., 2018).
Additionally, well over 40 tree species are forecasted
to decline from or migrate into this region (Iverson
etal., 2019), further underscoring the potential need for best
practices in FAM to be developed and operationalized.
The concepts we discuss may be applicable to the western
United States, but distinctly different forest ownership pat-
terns and climate trends warrant a dedicated review of
western considerations and examples that are beyond the
scope of this discussion.

FAM IN THE CONTEXT OF
CLIMATE CHANGE ADAPTATION
STRATEGIES

Climate change adaptation strategies are commonly
addressed in the literature in a general way (e.g.,
Mawdsley et al., 2009), but those that apply adaptation
concepts to forest management practices in an orga-
nized, actionable fashion are more limited and often
related (Cross et al., 2012; Janowiak et al., 2014; Millar
et al.,, 2007; Nagel et al., 2017; Peterson St-Laurent
et al., 2021; Schuurman et al., 2020; Stein et al., 2014,
Swanston et al., 2016).
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One seminal article (Millar et al., 2007) provided a
conceptual framework for adaptation that could be
incorporated into forest conservation and management
strategies. Millar et al. (2007) categorized adaptation
approaches into resistance, resilience, and response (now
often referred to as transition; Nagel et al., 2017).
Generally, these represent increasing degrees of novelty,
effort, and risk, as well as a lengthening of the temporal
perspective for assessing success. As we discuss below,
the strategies also reflect a gradient of incorporation of
FAM (Figure 1).

Briefly, resistance strategies generally seek to prevent
change to some highly valued, core aspects of a system,
where the values may be economic, social, or ecological.
These strategies are often considered high risk in the long
term and may focus on adapting a forest to expected
nearer-term climate changes, such as more frequent or
severe growing season drought (Nagel et al., 2017).
As commonly conceived, resistance strategies focus on
manipulating components of forest structure (e.g., the
arrangement and distribution of tree sizes), but less on
changing composition, thus FAM may have limited
application in achieving this strategy.

A resilience strategy works within a broader range of
ecological outcomes, typically defined by the ecosystem’s
range of natural variability. The presumption is that a
forest can be adapted to future climate by emphasizing

diversity within native species and structures that have
greater future adaptability. Even with a focus on use of
native species, a resilience strategy may include FAM by
establishing genotypes of these species from areas within
their range that have a current climate similar to
the projected climate of the area of interest (Nagel
et al.,, 2017). FAM used in this way is an example of
assisted population expansion, which is the movement of
species or genotypes over relatively short distances,
with the expansion occurring contiguously within the
current distribution (Leech et al., 2011; Williams &
Dumroese, 2013).

It should be noted that foresters have been practicing
assisted population expansion for decades by planting
seed sources from within a range of a species that are, for
instance, more disease resistant than the local popula-
tion, for example, blister rust resistant five-needle pines
in North America (Schoettle & Sniezko, 2007). In the
context of a resilience adaptation strategy, a forester
might plant seedlings from a population that comes from
a warmer part of the range, although still within the
natural distribution.

Finally, a transition strategy greatly increases the
potential for use of FAM. This strategy assumes that hab-
itat for at least some native tree species has, or will,
become unsuitable and actions should consequently be
taken to alter forest composition to increase the
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FIGURE 1 Forest-assisted migration (FAM) as part of climate adaptation strategies. The role of FAM increases with degree of change
in forest conditions. Redrawn and adapted from Millar et al. (2007), Swanston et al. (2016), and Nagel et al. (2017).
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proportion of species better adapted to future climate.
While assisted population expansion may be part of a
transition strategy, transition is more likely to include the
addition of novel species using assisted range expansion,
which moves species to suitable locations adjacent to (but
outside of) the current range, most often done to keep
pace with changing conditions (e.g., warmer climates;
Williams & Dumroese, 2013). Like assisted population
expansion, the use of assisted range expansion has been
practiced for decades or longer. For example, pine (Pinus L.)
seed sources in the southeastern United States have
occasionally been moved northward by one seed zone
(Schmidtling, 2001); however, the primary motivation
for this historic FAM has been the increase in growth
for production forestry, with less emphasis on ecological
function. Additionally, Indigenous people of North
America likely promoted the expansion of mast and
fruit species, such as the assisted movement of oak
(Quercus L.), along the northern extent of its range
(Abrams & Nowacki, 2008).

Although not always framed within FAM (see Pedlar
et al., 2012), the role of long-distance translocation of exotic
species may also fit a forest transition strategy (Leech
et al., 2011). This is often treated in the literature as assisted
species migration (Williams & Dumroese, 2013); however,
rather than focusing on the prevention of species extinction,
in the context of assisted migration, this refers to the
assisted long-distance migration (e.g., interregional, trans-
continental, and intercontinental) of a species beyond areas
accessible via natural dispersal (Dumroese et al., 2015). The
risks and uncertainties of exotic forest transplants are not
without concern, with examples of invasive colonization
(e.g., black cherry [Prunus serotina Ehrh.] in Europe;
Starfinger et al., 2003) and is central to debates surrounding
the implementation of assisted migration. As such, extreme
caution is warranted, as the routine use of assisted species
migration will be unlikely and rapid learning will be corre-
spondingly limited. Still, in the context of FAM, examples
of this practice are starting to be discussed, for example,
replacing eastern hemlock (Tsuga canadensis [L.] Carriere)
with Norway spruce (Picea abies [L.] Karsten) to sustain
wildlife benefits (Ritter, 2020; https://www.nrs.fs.fed.
us/sustaining_forests/conserve_enhance/wildlife_fish/
norway-spruce-bird-habitat/) or to replace native black
ash (Faxinus nigra Marsh.) with emerald ash borer
(EAB)-resistant Manchurian ash (Fraxinus mandshurica
Rupr.) (see Case Study 2: FAM in black ash wetlands).

OPERATIONALIZING FAM

There are several overarching causes for limited
operational-scale implementation of FAM, including:

(1) forest managers and conservation biologists may lack
on-the-ground experience with implementation of cli-
mate change adaptation strategies, particularly practices
that include FAM; (2) there are overriding concerns
about perceptions, risk, and maladaptation; and (3) a
focus on the immediate timber resources, operational
capacity, and guidance, rather than longer-term ecosys-
tem function, leads to less urgency to operationalize
FAM as an adaptation tool.

Forest manager experience with climate
change adaptation and artificial
regeneration

The extent to which an organization is operationalizing
FAM may reflect the level of experience forest managers
have with climate change adaptation strategies in gen-
eral, although this experience is growing due in large
part to comprehensive training and planning tools such
as the Climate Change Response Framework (Swanston
et al., 2016). The success of the Response Framework is
reflected in the growing number of on-the-ground adap-
tation examples in North America (Box 1). FAM can be
part of these adaptation approaches, but its routine use
lags behind implementation of the adaptation approaches
themselves, due in part to the perceived risks and unfa-
miliarity with FAM by managers (Ontl et al., 2018).

The inexperience that forest managers have with
FAM as part of adaptation strategies likely serve as a bar-
rier that contributes to the nascent few operational
examples. For instance, despite profound interest in
adaptation strategies to facilitate community transitions
toward future-adapted species, the routine practice of
tree planting for artificial regeneration is highly variable
by ecoregion and land ownership (Ontl et al., 2018),
especially in forests with abundant natural regeneration.
This lack of routine use of artificial regeneration is
reflected in the declining number of tree nurseries
(NASF, 2016) and number of seedlings planted as part of
broader reforestation efforts (Haase et al., 2021). With a
forthcoming need to incorporate FAM into forest man-
agement and conservation practices, anemic budgets for
forest management coupled with unfamiliarity with
reforestation best practices may hinder routine use of
FAM. In a survey from the northeastern United States,
foresters report that some of the greatest barriers for tree
planting, including FAM, are (1) available information
and resourcing (e.g., nurseries), (2) economics, (3) labor,
(4) public perceptions, (5) governmental policy, and (6)
the need to balance multiple objectives (McGann, 2022).
Therefore, the decline in institutional knowledge and
resources for artificial regeneration may further foster
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BOX 1 Forest-assisted migration (FAM) in the Climate Change Response Framework.

The Climate Change Response Framework (www.forestadaptation.org) is a collaborative effort to
operationalize climate adaptation in ecosystem management. The framework fosters science-management part-
nerships that generate ecoregional forest vulnerability assessments and numerous climate adaptation strategies
menus. The adaptation menus build on the foundational concepts of resistance, resilience, and transition devel-
oped by Millar et al. (2007) with tiered strategies, approaches, and tactics that describe more specific adaptation
pathways leading from on-the-ground actions. The menus are further tailored to resource areas, so that relevant
strategies and familiar terminology more readily enable practitioners to use the menus as planning and com-
munications tools. All menus include strategies that involve FAM, often with associated case studies that
illustrate how FAM helps meet operational goals.

Adaptation strategies menus with case studies have been published for forestry (Brandt et al., 2016;
Janowiak et al., 2014; Swanston et al., 2016), watershed management (Shannon et al., 2019), carbon steward-
ship (Ontl et al., 2020), wildlife management (LeDee et al., 2021), and from tribal perspectives (Tribal
Adaptation Menu Team, 2019). Hundreds of real-world projects have used the menu-workbook process, most
often relying on resilience strategies, but also frequently using transition strategies to maintain or restore eco-
system function (Ontl et al., 2018). In cases of transition, managers have commonly chosen to favor or restore
native species that are better adapted to the projected climate, sometimes including FAM as a minor compo-
nent of planting (e.g., Janowiak et al., 2014). Notable exceptions occur in cases of realignment, where the
existing species are projected to lose habitat and are already rapidly declining. In such cases, investments in
continued attempts to maintain the existing ecosystem may be viewed as higher risk than shifting to non-native
or nonlocal species that are better adapted to emerging and projected conditions. This is particularly true when
the most highly valued ecosystem services are not linked to specific species but can instead be realized more
generally, for example, through forest cover and structure (e.g., for watershed values and habitat), and stem
form (e.g., for timber). Examples can be found at https://forestadaptation.org/adapt/demonstration-projects,

searching by the keyword “assisted migration.”

inexperience, having a lasting impact on the efficacy of
FAM in adaptation strategies. Frameworks such as the
Target Plant Concept serve as useful resources for best
practices aimed at determining “ideal” planting material
and practices for a site (Dumroese et al., 2016).

Historical growing practices have largely prioritized
species for timber production (Dumroese et al., 2005) and
climate at the time of planting, with declining resources to
support forest adaptation or explicit consideration of
selecting species for a future climate (D’Amato, Palik,
et al., 2018). Therefore, the novelty and need for FAM spe-
cies and genotypes planted for conservation, timber, and
ecosystem services across multiple ecoregions offer few
tangible examples, further highlighting knowledge gaps
for forest managers. This is further exacerbated since artifi-
cial regeneration in many forest types has historically been
uncommon, such as lowland forest ecosystems.

Perceptions and risks of FAM
The risks of assisted migration and FAM have

been well described and debated in the literature
(Aubin et al., 2011; Karasov-Olson et al., 2021;

McLachlan et al., 2007; Pedlar et al., 2012). For instance,
the potential for genetic maladaptation is considered a
key barrier to the widespread use of FAM. The concern is
that species or genotypes selected for their future climate
suitability will be maladapted to the current climate.
This concern is not unique to FAM, as contemporary tree
improvement programs use seed transfer functions devel-
oped from provenance trials to establish safe transfer dis-
tances, as well as the boundaries of seed zones, to avoid
maladaptation (McKenney et al., 2009).

The problem with using current seed zones to guide
transfer in the context of climate change is that the zones
may be overly small and potentially not reflective of
changes that have already occurred. In many regions,
transfers that have adaptation advantages are already at
low risk because the climate is now suitable for species
from more southerly latitudes or lower elevations.
Lags have even been detected in current seed zone delin-
eations that do not align with changing climate condi-
tions (Etterson et al., 2020). As such, transfers of up to
200 km north or 100 m in elevation are likely safe
(Gray & Hamann, 2013; Pedlar et al., 2012). It is also
possible that vigorously growing FAM species or prove-
nances could outcompete local material maladapted to
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future climates, only to succumb to environmental stress
later (Whittet et al., 2019). Nevertheless, given the long
generation times of most tree species, it may be difficult
to select species and genotypes that have a low risk of
maladaptation in both the near and long term.

Decisions around FAM combine technical evidence,
policy, and value-based considerations of conservation,
and ethics. Disentangling these makes decision-making
challenging, such that assisted migration may not be
evaluated exclusively based upon scientific consider-
ations (Findlater et al., 2021; Neff & Larson, 2014), but
will also, for example, be judged on the degree to which
society is comfortable (or not) with greatly altering
nature. Yet, an alternative perspective is that the risk pro-
file in many forests has already fundamentally changed,
with documented habitat shifts, increased pest outbreaks,
and loss of ecosystem services, such that pursuit of FAM
in an operational setting is actually timely and involves
lower long-term risk (e.g., Allen et al., 2010; Kurz
et al., 2008).

Effectively addressing uncertain but variable future
environmental conditions will require embracing flexible
management strategies. Climate adaptive strategies are
inherently characterized by some degree of risk-taking,
frequent reassessment of goals and conditions, and a
capacity to modify outcomes as conditions change.
Considering this iterative process is central to adaptive
management (Millar et al., 2007), placing FAM within a
climate adaptation framework strengthens the desired
outcomes of FAM and reduces the likelihood of
unforeseen risks.

FAM and ecosystem function

Much of the historical application of FAM, largely in a
non-climate change context, has been within a narrow
timber focus in the establishment of plantations of com-
mercially valuable species. By contrast, contemporary
applications of FAM, although still likely to account for
future commodity outputs, will largely be motivated by
objectives of sustaining ecosystem functions, requiring a
reframing of how FAM is operationalized. Ecological sil-
viculture systems, which pattern forest management
practices on natural models (Palik et al., 2020), is one
framework for intentionally moving FAM into wider
practice as a means of restoring and maintaining ecosys-
tem services in forests managed for wood given uncertain
and changing conditions.

Ecological silviculture emphasizes structural and
compositional heterogeneity. Silviculture that generates
heterogeneity in environmental conditions, resources,
and structure can provide multiple pathways for

adaptation to future stressors and disturbances, while also
sustaining a wider range of ecosystem services than
timber-focused models (Palik et al., 2020). This may also
be the key to successful use of FAM. For example, many
of the tree species projected to be future-adapted in north-
eastern North America are intolerant or mid-tolerant of
shade (Peters et al., 2020). As such, use of forest manage-
ment methods aimed at seedling regeneration that emu-
late ecological processes such as heavy partial canopy
disturbances like microbursts or moderate-severity fires
may be appropriate for introducing these species into cur-
rent ecosystems (D’Amato & Palik, 2020). Although future
disturbance dynamics in these forests will likely shift with
climate change, recognizing the role of these historical
recruitment events may enhance FAM success in the near
term (cf. D’Amato, Palik, et al., 2018).

As species ranges change with climate conditions, the
outcomes may lead to new species assemblages.
Similarly, as species transition or decline in their abun-
dance, the repercussions associated with the loss of func-
tional traits may be detrimental to forested ecosystems.
Modifications in the functional profile of forests may
have broad sweeping consequences on ecosystem func-
tion, including changes in carbon dynamics, wildlife, pro-
ductivity, hydrology, and cultural values. Perhaps most
concerning is the potential loss of important or keystone
species that possess functional attributes that shape their
respective ecosystem (e.g., black ash wetlands, shaded
eastern hemlock groves, and longleaf pine [Pinus
palustris Mill.] woodlands). In these cases, species loss
can lead to fundamental shifts in ecosystem function.
Therefore, with respect to FAM, special attention may
need to be placed on promoting the functional redun-
dancy of forests to ensure ecosystem function is
maintained.

CASE STUDIES OF
OPERATIONAL-SCALE FAM

In this section, we present some case studies of
operational-scale adaptation experiments that incorpo-
rate FAM. This is done in the context of providing guid-
ance on how FAM can be used more routinely with
applications justified by a desire to manage risk. We high-
light three case studies of FAM that were implemented in
ways to address and overcome, to varying degrees, the bar-
riers of inexperience, perceptions of risk, and a narrow focus
on timber resources. These examples were implemented as
part of large, codeveloped, management-inspired projects
focused on climate change adaptation and threat reduction.
Each is operational in scale and sufficient in scope such that
the management organizations involved counted them as
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part of their targets of annual harvest and planting. They are
representative of a range of forest adaptation strategies and
are translatable to on-the-ground practices by way of having
comprehensive forest management prescriptions that are
inclusive of harvesting, site-preparation, regeneration, and
intermediate tending activities. We acknowledge that the
management entities involved in the case studies likely lev-
eraged research involvement to justify accepting a degree of
risk by using FAM that may not be available to all manage-
ment entities.

The case studies are located in the eastern forest
region of the United States. Broadly, this region has been
identified as highly vulnerable to climate change and has
already experienced significant climate warming over the
last century. In particular, this densely forested region is
likely subject to changes in tree population- and
landscape-level compositional shifts, due to the preva-
lence of non-native insects and diseases, as well as
projected shifts in species habitat associated with climate
change (e.g., Janowiak et al., 2014). In fact, declines in
suitable tree habitat are forecasted for over 20 species,
while a dozen species are expected to benefit from
assisted population expansion and up to 20 species would
require assisted range expansion to keep pace with habi-
tat shifts (Iverson et al., 2019). For each case study, we
summarize the ecological and forest management con-
text, the forest adaptation strategies being used, and how
FAM is factored in the treatments to achieve the desired
future conditions.

Case Study 1: FAM in red pine forests in
northern Minnesota, USA

The iconic Great Lakes pine forest is an important compo-
nent of the landscape on dryer sites in the western Great
Lakes region of North America, including Minnesota,
Wisconsin, and Michigan in the United States and south-
ern Ontario in Canada. Broadly dry forests are vulnerable
to climate change (Swanston et al., 2018), and pine forests
in Minnesota are at risk due to geographic juxtaposition
adjacent to prairie to the west.

Red pine (Pinus resinosa Ait.) and eastern white pine
(Pinus strobus L.) are the dominant tree species in these
forests, but other species are cumulatively abundant,
including balsam fir (Abies balsamea [L.] Mill.), white
spruce (Picea glauca [Moench] Voss), jack pine (Pinus
banksiana Lamb.), trembling and bigtooth aspen (Populus
tremuloides Michx. and P. grandidentata Michx.), red
maple (Acer rubrum L.), northern red oak (Quercus rubra
L.), bur oak (Quercus macrocarpa Michx.), and paper birch
(Betula papyrifera Marsh.). Most species are commercially
important for wood and many, including red pine, are at

risk from climate change induced growth declines (Bottero
et al., 2017) or declines in habitat (Nagel et al., 2017).

Recognizing the urgency to address climate adapta-
tion operationally, managers in the Chippewa National
Forest (CNF) in northern Minnesota, USA implemented
a 200-ha application of FAM in red pine forests as part of
the Adaptive Silviculture for Climate Change (ASCC)
network (Box 2; Nagel et al., 2017). The CNF-ASCC
installation includes a passive control, along with resis-
tance, resilience, and transition treatments (as described
previously); the former two treatments do not include
FAM, while the latter two are inclusive of it in different
forms (Muller et al., 2019). Tree species choices for FAM
were facilitated by discussions at workshops, model pre-
dictions (Peters et al., 2020), and native plant and suit-
ability guidelines for the region.

FAM in the resilience treatment involves planting
future climate-adapted native species in 0.2-ha canopy
gaps, including eastern white pine, northern red oak, bur
oak, and red maple. The seed source for eastern white
pine is from northeastern Wisconsin, USA, and is blister
rust resistant and likely adaptable to future climate, while
seed sources for the hardwood species are from approxi-
mately 100-200 km south of CNF-ASCC in east-central
Minnesota. As all species are native to the ecosystem and
region, but genetically distinct from local populations,
their inclusion is an example of assisted population
expansion.

Transition treatment not only includes assisted popu-
lation expansion by using the same species as resilience
but also includes both assisted range expansion and spe-
cies migration (Muller et al., 2019). FAM species are
planted across entire stands, after a partial-harvest treat-
ment that created spatial variability in microclimate and
resources. The additional species in the transition treat-
ment include white oak (Quercus alba L.), bitternut
hickory (Carya cordiformis [Wangenh.] K. Koch), and
black cherry (Figure 2). These species have established
populations within 120-160 km south of the forest, with
outlier populations farther north; thus, inclusion is an
example of assisted range expansion. The treatment
also includes four seed sources of ponderosa pine
(Pinus ponderosa Dougl. ex Laws.) from the most eastern,
lowest elevation portions of its range in the western
United States. While the species is occasionally planted
in northern Minnesota, its nearest established population
is 200 km west of the study area. Its use is an example of
assisted species migration and reflects stakeholder desire
to examine a potential ecological and cultural replace-
ment for red pine.

Early results from the transition treatment show
that the survival of assisted population and range expan-
sion species is near 100% (Figure 3). Ponderosa pine
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BOX 2 Forest-assisted migration (FAM) in the Adaptive Silviculture for Climate Change (ASCC)
network.

The ASCC (www.adaptivesilviculture.org/) provides examples of ecosystem-specific climate-adaptive silvicul-
ture, inclusive of resistance, resilience, and transition approaches. The forest management prescriptions were
codeveloped for each ASCC site through a partnership of scientists, managers, and stakeholders to align with
overarching management goals and real-world policy, social, and operational constraints. Each is of sufficient
scale and scope to be operationally relevant and most include FAM in some form.

Here we highlight the role of FAM in four additional ASCC examples, including: (1) mixed conifer forest on
Flathead National Forest (FNF), Montana, USA; (2) pine-hardwood woodlands at the Jones Ecological
Research Center (JRC), Georgia, USA; (3) high-elevation spruce-fir forests at the Colorado State Forest (CSF),
Colorado, USA; and (4) mixed pine-hardwood forests of the Petawawa Research Forest (PRF), Ontario,
Canada. Each includes tree regeneration as part of the resilience and transition treatments, often achieved
through artificial methods including planting seedlings. The forest management approaches used to promote
new tree recruitment emphasize the creation of structural heterogeneity (e.g., harvests that generate complexity
among overstory tree sizes and distributions) and microsites for the establishment of a diversity of future
climate-adapted tree species.

The FNF utilizes assisted population expansion in both the resilience and transition treatments by planting
mid- and high-elevation seed sources of western larch (Larix occidentalis Nutt.) and blister rust resistant west-
ern white pine (Pinus monticola Dougl. ex D. Don). Ponderosa pine, also from mid- and high-elevation seed
sources, is utilized in the transition treatment, with this bordering on assisted range expansion since the species
is not found at the study site, although the latter is located within its geographic range (Crotteau et al., 2019).

The JRC utilizes assisted population expansion in the transition treatment, focusing on a single species. To tran-
sition this pine-hardwood woodland ecosystem, forest harvests reduced the density of longleaf pine and removed
mesic oak species. Mesic oaks are replaced with planted turkey oak (Quescus laevis Walt.), using seed sources col-
lected from a nearby sandhill ecosystem and selected because of its drought and fire tolerance (Bigelow et al., 2021).

The CSF utilizes assisted population expansion in the transition treatment to favor future-adapted species
that tolerate variable environmental conditions and disturbances (e.g., drought, mixed-severity fire, and
insects), with emphasis on southern genotypes. Specifically, this site includes Douglas fir in canopy gaps
and low density stands, ponderosa pine on drier microsites in canopy gaps, limber pine (Pinus flexilis James)
and blister rust resistant bristlecone pine (Pinus longeava D.K. Bailey) particularly on ridgetops, and blue spruce
(Picea pungens Engelm.) on wetter microsites within low density stands.

The PRF includes FAM in each adaptation strategy. In the resistance strategy, plantings of eastern white
pine from local seed sources are augmented with assisted population expansion plantings from three southern
seed sources approximately 200, 500, and 1000 km away. In the resilience strategy, plantings of local eastern
white pine, red pine, and northern red oak are augmented with 50% assisted population expansion from south-
ern seed sources. Lastly, the transition treatment includes assisted population expansion of pitch pine (Pinus
rigida Mill.), northern red oak (southern source), white oak (southern source), and assisted range expansion of
species, including American chestnut (Castenea dentata [Marsh.] Borkh.).

(assisted species migration) survival was moderate, but
where it survives, growth is two to three times that of
other species (Muller et al., 2019).

Case Study 2: FAM in black ash wetlands

Forests containing ash (Fraxinus L.) in eastern
North America are threatened by the EAB (Agrilus
plannipenis Fairmaire), an insect that feeds on phloem

and functionally eliminates ash trees across the region
(Herms & McCullough, 2014). Black ash wetlands in
northern Minnesota, USA, are particularly at risk from
EAB invasion, as the region contains nearly 500,000 ha of
black ash wetlands (Youngquist et al., 2017), with a
warming winter climate likely lead to increased survival
of larvae (Christianson & Venette, 2018).

EAB has created a unique context for FAM in this set-
ting, as black ash often constitutes 70%-95% of overstory
trees and plays a central role in regulating ecosystem
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FIGURE 2 Examples of assisted range expansion (RE) and species migration (SM) in the field. Images (a)-(c) are planted in a red pine
forest in northern Minnesota, USA, as part of the Chippewa National Forest-Adaptive Silviculture for Climate Change experiment
(CNF-ASCC); images (d)—(f) are planted in a black ash dominated wetland in northern Minnesota, USA, as part of the Chippewa National
Forest-Emerald Ash Borer experiment (CNF-EAB); images (g)-(i) are planted in northern hardwood and spruce-hardwood mixedwood
forests in New England, USA, as part of the Second College Grant-Adaptive Silviculture for Climate Change experiment (SCG-ASCC).
Panels (a) white oak (RE), (b) black cherry (RE), (c) ponderosa pine seedling from a Black Hills, South Dakota seed source (SM),

(d) 8-year-old swamp white oak (RE), (e) hackberry (RE), (f) Manchurian ash (SM), (g) black birch (RE), (h) bitternut hickory (RE), and

(i) American chestnut (RE) exhibiting winter injury maladaptation to extreme cold temperatures.
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FAM type

PE bur oak

PE bitternut hickory

RE white oak

RE black cherry

PE northern red oak

PE red maple

PE eastern white pine

SM ponderosa pine SD2

SM ponderosa pine SD1

SM ponderosa pine MT

SM ponderosa pine NE CNF-ASCC
0 20 40 60 80 100

Survival (%)

FIGURE 3 Three-year survival of species planted in a Minnesota, USA, pine forest as part of the Chippewa National Forest-Adaptive

Silviculture for Climate Change project (CNF-ASCC). Forest-assisted migration (FAM) types include assisted population expansion (PE),

assisted range expansion (RE), and assisted species migration (SM). Values are means + 1 SE (from Muller et al., 2019). Ponderosa pine seed
sources are South Dakota (SD1, SD2), Montana (MT), and Nebraska (NE), USA.

function (Youngquist et al., 2017). Forest managers and
conservation biologists are increasingly interested in the
application of FAM in black ash wetlands to increase the
probability of maintaining a forested condition with
nonhost species that are also future climate adapted
(D’Amato, Palik, et al., 2018).

An operational-scale case study of this is located in
the Chippewa National Forest (CNF-EAB) and includes
four harvest treatments, including a passive control, the
creation of small gaps, total canopy removal, and emula-
tion of EAB through the intentional girdling of all black
ash. In treatment of each stand, 12 potential replacement
tree species were planted after considering the tolerance of
saturated soils and projected future climate adaptability.

Eight species, including red maple, balsam poplar
(Populus balsamifera L.), eastern cottonwood (P. deltoides
Bartr. ex Marsh.), trembling aspen, black spruce (Picea
mariana [Mill.] B. S. P.), eastern larch (Larix laricina
[Du Roi] K. Koch), northern white cedar (Thuja
occidentalis L.), and yellow birch (Betula alleghaniensis
Britton), while native, occur in very low abundance, such
that their inclusion was considered to assist population
expansion. A hybrid assisted population expansion/range
expansion approach was used to introduce Dutch elm
disease tolerant American elm (Ulmus americana L.),
with planting material derived from a cross between the
resistant Valley Forge strain and a local tolerant tree.
True assisted range expansion was used by introducing
swamp white oak (Quercus bicolor Willd.) and hackberry
(Celtis occidentalis L.) (see Figure 2), species whose

northern range termini are expected to expand into
the area with climate change (Peters et al., 2020).
Finally, assisted species migration was used to introduce
Manchurian ash (F. mandshurica Rupr.), an EAB-resistant
Asian species. This species is native to northeastern Asia
but is occasionally cultivated as an ornamental in parts of
North America. It was selected as a potential ecological
replacement for black ash, but also a cultural replacement,
as the wood splints derived from annual growth rings of
black ash are used for basket making by Indigenous peo-
ple throughout the Great Lakes region and northeastern
North America (Looney et al., 2017).

Selection of some of these species carries a consider-
able risk of failure since forest managers and conserva-
tionists have little experience with artificial regeneration
in black ash wetlands. The loss of black ash at these
sites can lead to increases in the water table (Slesak
et al., 2014), endangering the likelihood of the establish-
ment of future forest and leading to fundamental shifts in
ecosystem state (e.g., a transition from forested to persis-
tent non-forested state). The inclusion of species that
may serve as functional and cultural replacements to
maintain these wetland forests was considered a primary
goal. Therefore, their use was justified by the magnitude
of threat EAB and climate change pose to the ecosystem
and associated cultural values.

To date, the highest levels of survival have been in
treatments where at least some residual black ash were
retained (unharvested stands, girdled areas, and small
gap cutting; Palik et al., 2021). Under these conditions,
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residual trees likely facilitate new cohort development by
ameliorating increases in saturated conditions associated
with tree mortality (Slesak et al., 2014). Of the species
with highest survival, the majority are those introduced
with FAM: American elm, swamp white oak, hackberry,
and Manchurian ash (Figure 4).

Case Study 3: FAM in northern hardwoods
and mixedwood forests of New
England, USA

The mixed deciduous and coniferous forest of northern
New England, USA, constitute 10.8 milion ha, of which
over two-thirds are held in private ownership (i.e.,
noncorporate or family forest owners). This mixed species,
densely forested region is shaped by a legacy of land use,
often resulting in simplified forest composition and struc-
tural characteristics. The Second College Grant ASCC site
(SCG-ASCC) in New Hampshire encompasses 200 ha
and represents the largest replicated, operational-scale
experiment of its kind in the northeastern United States.
Unlike other ASCC network sites located within
fire-dominated systems, the SCG-ASCC is in mesic north-
ern hardwood forests where small canopy gap forming
events (e.g., wind, insects, senescence) are the primary
ecosystem disturbance. Dominant tree species include
sugar maple (Acer saccharum Marsh.), yellow birch, and
American beech (Fagus americana Ehrh.), with lesser

components of red maple, red spruce (Picea rubens Sarg.),
and other species. The primary climate change impacts are
expected to result from increasing wind and ice events,
moisture stress, native and invasive pests and diseases, and
the loss of key species or functional groups. Moreover, this
region is expected to experience large shifts in future species
assemblages, with many new species requiring assisted
migration (Iverson et al., 2019).

The natural disturbance regime in these forests has
historically favored shade-tolerant species via small can-
opy gaps, yet most future climate-adapted species fore-
casted for this region require higher light conditions
(Peters et al., 2020). Therefore, forest management tech-
niques aimed at transitioning composition emphasized
the creation of higher light microclimates via canopy
gaps (0.1 and 0.4 ha), conditions near the upper limit of
historical variability. This strategy aims to facilitate the
natural establishment of future-adapted species on site,
plus the use of planted FAM. Although not part of
the ASCC framework, FAM species were tested in
replicate forest sites in Vermont characterized by
spruce-fir-northern hardwoods (red spruce, balsam fir,
and red maple) and nutrient-rich northern hardwoods
(sugar maple and white ash).

Of nine FAM species tested, six were locally present
but make up a minor proportion of current forest compo-
sition, including northern red oak, eastern white pine,
eastern hemlock, black cherry, bigtooth aspen, and red
spruce. No attempts were made to obtain specific seed

EFAM type
PE/RE American elm
RE swamp white oak
RE hackberry
PE red maple
SM Manchurian ash
PE tamarack
PE balsalm poplar
PE black spruce
PE northern white cedar
PE yellow birch
PE cottonwood
PE trembling aspen CNF-EAB
0 20 40 60 80 100

Survival (%)

FIGURE 4 Eighth-year survival of species (in a “group-selection” harvest treatment) planted in the Chippewa National Forests to

increase the resilience of lowland black ash forests to impacts of emerald ash borer (CNF-EAB) and climate change (Palik et al., 2021).
Forest-assisted migration (FAM) types include assisted population expansion (PE), assisted range expansion (RE), and assisted species

migration (SM). Values are means + 1 SE.
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sources for these species, although all were from south-
erly or maritime parent material, and thus are considered
assisted population expansion. Additionally, three species
not currently on site were tested as an assisted range
expansion approach, including bitternut hickory, black
birch, and a hybrid American chestnut bred for disease
resistance. Species were selected using input from
regional natural resource managers and scientists,
model projections, and site characteristics. Emphasis
was placed on the functional redundancy of traits, such
that FAM may functionally replace tree species fore-
casted to decline (e.g., deep shaded conifers and hard
mast producing species). Given the limited number of
tree nurseries and inventory, this experiment was
unable to control for seed source; however, this lack of
control represents the current state of regional nursery
capacity, which will likely continue to influence
operationalized FAM.

Although differences in survivorship are apparent
(Figure 5), one of the primary controls on seedling
performance was vegetative competition (Clark et al., 2021).
While climate models suggest that many species in this
region will require FAM, clear biological barriers still
inhibit efforts to transition forest composition. These results
were particularly pronounced for assisted range expansion
species, which performed poorly relative to assisted popula-
tion expansion species. Regionally, species response was
variable, due to other factors such as drought during plant-
ing, browse pressure, species-specific traits, seedling quality,
and extreme winter temperatures leading to dieback and
maladaptation for some FAM species (see American chest-
nut; Figure 2i).

Lessons from case studies

Taken together, these operational-scale case studies offer
lessons that may clarify the challenges, risks, and oppor-
tunities for the routine use of FAM. Overall, we observed
no consistent trends in all three case studies in FAM per-
formance (here, seedling survival) between types (assisted
population expansion, range expansion, and species migra-
tion) among sites (Figure 6). Although examples exist
where more locally adapted assisted population expansion
plantings performed better than assisted range expansion
(e.g., SCG-ASCC), the opposite is also true when novel
assisted range expansion species performed similarly
(e.g., CNF-ASCC) or better (e.g., CNF-EAB). These results
not only demonstrate the viability of FAM in climate adap-
tation planning, but also illustrate how climate adaptive
FAM may resolve the challenges of forester inexperience,
perceptions of risk, and ability to maintain ecosystem

function. Although barriers remain for the routine use of
assisted species migration, its incorporation will likely
become increasingly warranted, especially in cases where
ecosystem function is at risk.

A central dictum of uncertain climate futures is that
no singular approach will meet the needs of all scenarios
(Millar et al., 2007). Therefore, a toolbox approach that
utilizes a combination of options for adaptation may be
the most effective approach. In terms of FAM, this may
mean that more conservative approaches that promote
ecosystem resistance or resilience may employ assisted
population expansion or in some instances range expan-
sion from nearby species. As the risk profile of global for-
ests continues to increase and undesirable thresholds are
reached, actions to transition ecosystems that employ
longer distance transfers of assisted range expansions, or
under select circumstances, assisted species migration,
will become increasingly warranted. In the case studies
detailed above, various types of FAM were incorporated
into each forest aimed at various climate scenarios, both
near and longer term. This approach recognizes that one
size may not fit all and that trade-offs may exist with
increasing transfer distance. Simultaneously, this
approach acknowledges that uncertainties remain in
favoring FAM based on current climate conditions
(assisted population expansion) versus more extreme
shifts under future conditions (assisted range expansion).

Despite the challenges of FAM, best practices and
tools exist, which may be built upon to increase favorable
outcomes (e.g., seed transfer guidelines, model projec-
tions, and the Target Plant Concept). Still, the novelty of
FAM may not match previous knowledge, such that a
flexible and adaptive approach may be better suited for
practice. To further integrate the principles learned from
our review and generated from the case studies, we have
developed a conceptual framework for operationalizing
FAM (Figure 7). This framework is suitable as a standalone
adaptive management cycle or can be nested within a cli-
mate adaptation process such as the Adaptation Workbook
(Swanston et al., 2016) or other planning processes (Cross
et al., 2012; Stein et al., 2014). The purpose of this is to pro-
vide a flexible foundation to help forest managers, conserva-
tion biologists, and decision-makers engage with tools and
strategies needed to make informed decisions to effectively
operationalize FAM. When used within a broader adapta-
tion planning process, it provides prompts for deeper con-
sideration, when FAM has been identified as a potential
adaptation action. Essentially, this process revolves around
(1) planning for uncertainty by considering how the use of
FAM within the climate adaptive strategies of resistance,
resilience, and transition may support management goals,
(2) assessing the specific application of FAM within a
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FIGURE 5 Four-year survival of species planted in gaps (0.1 and 0.4 ha, combined results) to transition the composition of three forest
types in New England, USA, to future conditions. The northern hardwood site is located on the Second College Grant (SCG), NH as part of
the Adaptive Silviculture for Climate Change (ASCC) (Clark et al., 2021). Additional forest-assisted migration (FAM) replicates include a
spruce-fir-northern hardwood forest in Wolcott, VT (WOL) and a rich northern hardwoods forest in Washington, VT (WASH), USA. FAM

types include assisted population expansion (PE) and assisted range expansion (RE). Values are means + 1 SE (unpublished data).

5U80| 7 SUOWWIOD 3AIER.D 3|qeol|dde 8Ly Ag peusenob 8e ssjole YO ‘@SN JO S3ni o ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 U1 jUO//SANY) SUORIPUOD PUe Swile | 8L} 88S *[2202/0T/2T] U0 Ariqi auljuo AB|IM ‘0921 'ZSI8/200T OT/I0p/LLI0 A8 | Atelq1jeul uo's feuano fess//sdiy Wwoi pepeojumod ‘0T ‘2202 ‘G26805TE



PALIK ET AL.

14 of 19
[ Assist. Population Expansion
100 ~ Assist. Range Expansion
s [ Assist. Species Migration
T
:\O\ E ey
= 604
©
2
2
@
40
20 +
0 | .:l.: ,

CNF-ASCC CNF-EAB SCG-ASCC

Case study site

Amount of change to current forest

FIGURE 6 Survivorship for each case study site presented by
forest-assisted migration (FAM) type: Chippewa National
Forest-Adaptive Silviculture for Climate Change experiment
(CNF-ASCC); Chippewa National Forest-emerald ash borer
experiment (CNF-EAB); and Second College Grant-Adaptive
Silviculture for Climate Change experiment (SCG-ASCC). Values
are means + 1 SE.

forested landscape by localizing threats and desired
future conditions, (3) implementation of best available
practices while maintaining contingency, (4) monitoring
and adaptively responding to FAM outcomes, and (5) a
process of sharing and reporting to reduce uncertainties
and knowledge transfer for routine use of FAM. By
employing FAM within this adaptation framework, the
case studies presented are examples of successfully over-
coming barriers of experience, risk, and practice
employed within an ecosystem context to actualize FAM
at operational scales.

ADVANCING OPERATIONAL FAM

Routine use of FAM at operational scales is beginning to
gain momentum. The slow trend toward operationalizing
FAM is in contrast to the more rapid advancement and
promotion of climate change adaptation approaches in
general (Swanston et al., 2016). But, as we have pointed
out, the two are intimately linked—FAM is an integral
component of several adaptation approaches. Hesitancy
to engage in FAM operationally reflects constraints,
uncertainty about the practice, and unwillingness to
assume the risk of failure. Other factors that may

contribute include limited nursery capacity, difficulty pri-
oritizing budgets to facilitate FAM, and policy constraints
on its use.

We have outlined approaches to minimize risk of fail-
ure through an adaptation framework, which contain a
range of adaptation strategies that incorporate FAM to
varying degrees. These include (1) a resistance strategy,
which largely defers consideration of regeneration and
compositional shifts, including FAM, to a future date, (2) a
resilience strategy, which may include an assisted popula-
tion expansion, and (3) a transition strategy, which may
incorporate multiple forms of FAM, including assisted
range expansion and occasionally assisted species migra-
tion. Although the latter presents considerable challenges
to conservation theory, value perceptions, and barriers
under policy, we have shown its application under limited
circumstances to be warranted. Forest managers and con-
servation biologists pursuing adaptation strategies can vary
the level of risk depending on project objectives, forest
conditions, and stakeholder concerns. Moreover, as they
become more experienced with FAM, their willingness to
assume some risk is likely to increase.

Despite some constraints, an increasing number of
organizations are adjusting guidelines and tools to allow
or encourage the use of FAM. For instance, some seed
use guidelines, which historically dictated that seed
sources come from locally defined collection zones, have
been updated to integrate climate change scenarios allowing
for FAM to be incorporated into selections (e.g., http://
easternseedzones.com/; Pike et al., 2020). Additionally, the
United States Department of Agriculture (USDA) Forest
Service has tools to help managers with seed source selec-
tion in the context of climate change (www.seedlot
selectiontool.org). Concurrently, the province of British
Columbia’s (Canada) Ministry of Forests adopted a Climate
Based Seed Transfer approach that matches the climate and
latitude of a seed source with near-future climate of the
planting location (www.gov.bc.ca/climatebasedseedtran
sfer; O’Neill et al., 2017). Adoption of such tools and policy
will reduce barriers for FAM; as such, organizational-level
policy that clearly outlines expectations and guidelines is
likely needed if FAM is to become routinely operational.

Another practical constraint to widespread
operational-scale FAM is lack of capacity by nurseries to
produce sufficient numbers of seedlings from various spe-
cies and genotypes, especially for those species not tradi-
tionally grown for commercial purposes (Fargione
et al., 2021; Whittet et al., 2016). While there are many
nurseries that supply forest management organizations
and companies with seedlings, these may in fact be pro-
duced using seed that the latter supply from their own
seed orchards or suppliers. In the short term, these
sources may be hard pressed to acquire sufficient seed
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future conditions

emerging conditions

* Consider FAM within a broader climate adaptation strategy
(resistance: limited FAM, resilience: PE, transition: PE, RE, SM)
« Identify potential species/genotypes based on factors including
site characteristics, future model projections, and funtional roles

Planning for uncertainty

* Determine short- and long-term goals, objectives, and desired

» Assess trade-offs in maintaining existing system vs. adapted to

Future operationalization

Prioritize sharing outcomes from all stages among
organizations to increase knowledge transfer

Assess outcomes against goals, objectives, and desired
future conditions to refine routine practice and reduce
uncertainty

Employ a flexible and adaptive approach to assess the
efficacy of policy and practice at reflecting risk and

benefits of FAM

Monitor and adapt

Evaluate for at least five years, with regular
reassessment to track success, risks, limitations, or
unforeseen outcomes

Adjust treatments based on limiting factors to curtail
interference interactions, maladaptation, and negative
outcomes

Share early findings, success/failures, and lessons to
elevate discussion of FAM values and best practices

=)

Assess application of FAM

Align specific FAM species to objectives and desired
conditions

* Localize ecological threats to assess potential needs,
risks, and benefits of FAM

Evaluate the capacity for FAM to maintain forest continuity
and ecological function, over singular objectives

» Broadly consider best planting options for site; seek FAM
analogues and outside perspectives

4

FIGURE 7 Conceptual framework for operationalized forest-assisted migration (FAM), developed with practitioners in mind and
suitable as a standalone adaptive management cycle or nested within a climate adaptation process such as the Adaptation Workbook. PE,
assisted population expansion; RE, assisted range expansion; SM, assisted species migration.

from desired seed zones and species, oftentimes relying
on wild collections of unknown genetics. Therefore, it is
likely that suppliers will be unable to accommodate
requests for various species and genotypes desired for
FAM in large enough numbers to meet demand.

In the end, significant strides forward in advancing
operational-scale FAM will only occur once manage-
ment organizations and agencies take steps to remove
institutional barriers to the practice. Moreover, training
of personnel in the fundamentals of FAM, within the
context of climate change adaptation approaches and
risk management, will increase technical proficiency.
Forest managers who choose to budget and implement
FAM within their project areas would ideally receive
continued technical support as a follow-up to this train-
ing. A few principles that may be helpful while prioritiz-
ing and communicating the use of FAM are outlined in
Box 3. Finally, at the organizational level, FAM can be
advanced to operational scales by dedicating funding to
the practice as clearly delineated components of refores-
tation budgets.

CONSERVATION, MANAGEMENT,
AND POLICY IMPLICATIONS

Conservation and forest management approaches for
adapting forests to anticipated climate change impacts are
increasingly being discussed and implemented. FAM of
novel genotypes and species of trees is likely to be an impor-
tant component of some adaptation strategies in order to
sustain ecosystem functions including hydrology, tree pro-
ductivity, carbon storage, and wildlife habitat. The pursuit
of FAM is timely, especially as the risk to many forests
increases or has already changed such that investments to
maintain existing ecosystems may pose a higher risk than
shifting to non-native or nonlocal species better adapted to
emerging conditions. Employing FAM within an adaptation
framework like the one presented here will improve knowl-
edge transfer and reduce uncertainty for routine use.
Additionally, achieving routine operational-scale use of
FAM in managed forests depends on (1) continued training
of forest managers, conservationists, and ecologists in use of
climate change adaptation approaches, (2) willingness to
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BOX 3 A checklist for prioritization and communication of operational forest-assisted

migration (FAM).

1. Consider FAM within the context of silvicultural approaches aimed at climate adaptation, including resistance,
resilience, and transition approaches. Depending on the approach, FAM will have more or less relevance.

2. Take an ecosystem perspective when considering FAM; ecosystem function in addition to timber production
needs to be sustained. Considerations for wildlife habitat, watershed function, carbon storage, and so forth,

are increasingly important in the discussion.

3. When undertaking FAM, consider the use of native, future climate-adapted species first. Depending on the
forest type, there likely will be one or more native species that are predicted to have stable or increased habi-

tat suitability.

4. Be aware of the potential for complex interactions among climate change, tree species, and forest pests.
Climate change may be contributing to unique pest behavior, necessitating the establishment of nonhost
species, even if the host species itself is not directly being impacted by climate change.

5. Ultimately, establishment of novel tree species may be required to maintain ecosystem functions and meet
societal expectations in the future. Still, foresters should be pragmatic in their choice of species to translocate.
First, consider species with nearby outlier populations and avoid large latitudinal shifts.

assume some risk of failure in the near term due to malad-
aptation, and (3) adopting an ecosystem focus for manage-
ment that is not dependent on any particular tree species.
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