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Abstract
Adaptive capacity is a topic at the forefront of environmental change research with
roots in both social, ecological, and evolutionary science. It is closely related to the

evolutionary biology concept of adaptive potential. In this systematic literature
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review, we: (1) summarize the history of these topics and related fields; (2) assess
relationship(s) between the concepts among disciplines and the use of the terms in cli-
mate change research, and evaluate methodologies, metrics, taxa biases, and the geo-

graphic scale of studies; and (3) provide a synthetic conceptual framework to clarify
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concepts. Bibliometric analyses revealed the terms have been used most frequently
in conservation and evolutionary biology journals, respectively. There has been a
greater growth in studies of adaptive potential than adaptive capacity since 2001,
but a greater geographical extent of adaptive capacity studies. Few studies include
both, and use is often superficial. Our synthesis considers adaptive potential as one
process contributing to adaptive capacity of complex systems, notes “sociological”
adaptive capacity definitions include actions aimed at desired outcome (i.e., policies)
as a system driver whereas “biological” definitions exclude such drivers, and suggests
models of adaptive capacity require integration of evolutionary and social-ecological

system components.
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1 | INTRODUCTION

Adaptive capacity is currently a topic at the forefront of biological
research due to current, rapid, and anthropogenically derived en-
vironmental change. As defined by the IPCC, adaptive capacity is
the “ability of systems, institutions, humans, and other organisms to
adjust to potential damage, take advantage of opportunities, or to
respond to consequences.” This definition draws heavily from social-
ecological systems (SES) research (Fazey et al., 2007; Walker et al.,
2004), which includes coupling of human and ecological systems and
can include a teleological component (i.e., relating to actions of the
human mind or to a purposeful outcome; Mayr, 1998). In contrast,
the term is also often applied to biological systems, including eco-
systems (Angeler et al., 2019), where a role for teleological processes

has been generally rejected. The IPCC definition also draws heavily
from the ecological concepts of resistance and resilience (Holling,
1973; Peterson et al., 1998). Notably, adaptive capacity is often ex-
cluded from climate change vulnerability assessments due to logistic
constraints, even though its inclusion may affect estimates of vul-
nerability (Ofori et al., 2017). Adaptive capacity definitions across
the literature variously include ecological components of dispersal,
phenotypic plasticity, and adaptation (Nicotra et al., 2015; Thurman
et al., 2020) and invoke niche concepts (e.g., Holt, 2009). Recent
definitions of adaptive capacity from the ecological literature spe-
cifically address responses to environmental change, such as “the
ability of a species or population to cope with climate changes and
is characterized by... phenotypic plasticity, dispersal ability, and ge-
netic diversity” (Beever et al., 2016). Thus, past definitions vary in
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breadth, focusing on ecological processes within “natural systems,”
definitions considering the effects of environmental change on eco-
logical populations (most frequently climate change), and broader
definitions which include the influence of human impacts on adap-
tive potential of “natural systems” and feedbacks via adaptation
within human systems. Because of the variation in definitions, there
have been some arguments against using it (Fortini & Schubert,
2017). Consequently, we suggest “biological” definitions of adaptive
capacity can be conceived as a subset of broader definitions that
include SES factors (Figure 1).

Clarifying definitions and concepts will require connections with
SES research to better understand future anthropogenic change. For
example, the requirements for societal adaptive capacity can be de-
scribed as the societal traits necessary for successful adaptation to
environmental change. These societal traits include the willingness
and intention to respond to change, possession of knowledge about
anticipated adaptive change, adoption of proactive behavior, and the
ability to modify existing behavior (Fazey et al., 2007). A subset of
these (willingness to respond and ability to change) equate to the ca-
pacity of societies to enact changes in traits in response to changing
environmental conditions, that is, societal adaptive potential. This,
by definition, includes a teleological component (purposeful intent
toward an outcome), in contrast to so-called natural systems where

Biology Adaptive
Capacity

“Ability... to cope with climate
change... by phenotypic
plasticity, dispersal ability,
and genetic diversity” (Beever
et al. 2016)
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such intent does not exist. Strong feedbacks are also likely whereby,
for example, information on the status of ecosystems and ecosystem
services affects human social processes.

Adaptive potential can be considered a component of biological
adaptive capacity as defined above. Adaptive potential is a concept
from evolutionary biology that predates adaptive capacity and has
strong parallels with the concept of evolvability (e.g., Brookfield,
2009; Kirschner & Gerhart, 1998). Notably, two primary processes
contribute to adaptive potential acting at different time scales:
mutation and standing genetic variance. The former is key to the
generation of novel traits, often through changes in regulatory or
developmental processes and evolutionary potential itself may be
under selection (Kirschner & Gerhart, 1998). However, the original
definition from Fieher (1922) as additive genetic variance related
to fitness continues to be used today (e.g., Mittell et al., 2015). The
widespread use of adaptive potential in the conservation literature
emerged in the 1990s with the emergence of conservation genet-
ics (Franklin & Frankham, 1998) and has been discussed for species
in a wide variety of conservation goals (La Haye et al., 2017). This
also parallels research in evolutionary biology, such as work on
mutation and effective population size by Lande (1995). More re-
cent use and definitions of adaptive potential include Funk et al.,’s
(2019) “Capacity to evolve genetically-based changes in traits in
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FIGURE 1 Conceptual diagram hierarchically linking adaptive capacity and adaptive potential, terms broadly linked with conservation
biology and evolutionary biology, respectively. Adaptive capacity concepts integrate adaptive potential with regards to environmental
change, plasticity, and dispersal processes while accounting for feedback loops of potential selective pressures. Adaptive capacity definitions
also focus on climate change, but that varies by researcher. Here, feedback loops designate processes that may interact with each other to
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response to changing environmental conditions” and Eizaguirre
and Baltazar-Soares’s (2014) “ability of species/populations to re-
spond to selection by means of phenotypic or molecular changes.”
Thus, adaptive potential research has emphasized the genetic
basis of phenotypes and the ability of a species to persist through
evolution of genetically based phenotypes, sometimes referred to
as adapt-in-place in more recent literature. This also ties to the
expansion, or conversely conservatism, of the fundamental niche
space of a species (Wiens & Graham, 2005). Adaptive potential
is closely related or synonymous to other terms including “evolv-
ability” (Brookfield, 2009). Brookfield's (2009) general definition
of the “ability of populations to evolve in an adaptive way” draws
parallels with some definitions of adaptive potential, but not in
all cases. Evolvability also has been tied to robustness—the ability
of a species to achieve increased fitness in some environments—
which begins to parallel some definitions of adaptive capacity as
the biological scale moves to higher levels (but see Brookfield,
20089 for variations in definitions of robustness). In other words,
adaptive potential may be thought of as the ability of a species to
evolve in the future when conditions change. Thus, like adaptive
capacity, the history of use of adaptive potential by researchers
is complex and not completely resolved. Hence, we encourage
authors to explicitly identify underlying mechanisms when pos-
sible for conceptual and operational reasons. For example, the
standing genetic diversity component is more likely to contribute
to adaptive potential than mutational processes at time scales rel-
evant to anthropogenic environmental change for most species.
Regardless, clarifying definitions and underlying processes relates
directly to the effective selection of metrics of adaptive capacity.

One challenge in using either of these terms lies in the various
ways that researchers use the term “adaptive” and the different
approaches researchers take to understand the fitness of a popu-
lation. These discussions have occurred when comparing the fields
of adaptive dynamics and population genetics (Kokko, 2005), and
some of the same issues arise when considering these two terms.
One challenge is the “adaptive” part of terms actually has three
broad sets of definitions because of the history of use of the terms
adaptive capacity and adaptive potential, ranging from evolution-
ary applications focusing on the matching of biological traits to
the environment among individuals and within populations, to
ecological and systems theory concepts applied to higher scales
of organization (communities, ecosystems), and to SES definitions
that focus on the ability of a system to change and maintain ability
to support human well-being or other specific human-centric out-
comes (e.g., the IPCC definition). An instructive example within
evolutionary ecology is the concept of “evolutionary suicide”
whereby selection can drive the evolution of traits conferring rel-
atively higher fitness for those individuals possessing those “ad-
aptations” compared to others in the population, but those same
traits cause a mismatch with the broader environment, reduced
average fitness, population decline and extinction. Clearly, in the

context of conservation, “adaptation” refers to factors increasing

average fitness. Notably, because of the variety of definitions, un-
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derlying assumptions and scales applied to “adaptive,” “capacity,”
and to a lesser extent “potential,” the terms can become too broad
to rigorously assess and measure.

Both adaptive capacity and adaptive potential incorporate the
goals of evolutionary conservation (Eizaguirre & Baltazar-Soares,
2014) and it is important to understand the history of adaptive po-
tential (as reviewed by Mable, 2019) to properly integrate it with
concepts of adaptive capacity. We suggest adaptive potential is
one of three primary components of adaptive capacity (Figure 1),
recognizing strict partitioning of the terms is not accurate. For
instance, other components of adaptive capacity such as the ex-
pression of phenotypic plasticity and dispersal may contribute to
adaptive capacity and also influence adaptive potential via eco-
evolutionary feedback loops. Specifically, the evolution of the
reaction norms of a trait may change the breadth of phenotypic
plasticity, but the range of phenotypic plasticity may also influ-
ence the future change of those reaction norms (Oostra et al.,
2018; Senner et al., 2018). In these cases, feedback loops describe
processes and their outcomes which influence other processes
and outcomes, such as dispersal influencing the selective pressure
experienced by a species and the environmental change then also
shifting the patterns and physiological constraints of dispersal.
Together, movement, plasticity, adaptation, and the feedback with
SES may or may not buffer populations or allow ranges to shift,
and such nonlinearities may be key system drivers and are also
problematic for assessments using climate envelope approaches
(Valladares et al., 2014; Whitney et al., 2017).

The study of adaptation as a response to climate is a broad
and interdisciplinary field (Adger & Vincent, 2005; Brooke, 2008)
and future research collaboration will benefit from better under-
standing the use of these terms and how they may be integrated.
Applying a hierarchical framework with adaptive potential as a
component of adaptive capacity (Figure 1), the range, relation-
ships, and connections among fields are clarified. Moreover, the
framework highlights another potential difference of the terms
and fields: adaptive capacity applies to research across a larger
number of disciplines and typically at broader spatial scales (e.g.,
single population vs. range-wide). For example, adaptive capac-
ity can be applied to ecosystems, but adaptive potential cannot if
using classic definitions as adaptive potential is considered a trait
of a population.

To better understand adaptive capacity and adaptive potential,
we: (1) summarize the history and use of each term; (2) assess and
compare methodologies, metrics, taxa biases, climate change focus,
and geographic scale of studies used in adaptive capacity and adap-
tive potential research; and (3) present refined definitions of the two
concepts in an attempt to bridge conservation ecological, evolution-
ary biological, and SES research. We used a systematic literature re-
view to compare use of the terms “adaptive capacity” and “adaptive
potential” through the lens of conservation to address these first

two goals.
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2 | BIBLIOGRAPHIC AND SYSTEMATIC
LITERATURE REVIEW METHODS

We conducted a literature review following methods of Lortie
and Bonte (2016) and others with the Topic Search topics “adap-
tive capacity” or “adaptive potential” and with the Topic Search
“conservation” through Web of Science in August 2019 (string:
“adaptive capacity” OR “adaptive potential” AND “conservation”).
Topic searches include titles, keywords, abstracts, and the Web of
Science assigned “keywords plus.” We followed the preferred re-
porting items for systematic reviews and meta-analyses (PRISMA)
format, including number of papers removed at each step (Moher
et al., 2010; Figure S1). Of note, the earliest paper returned was
from 2001. This likely occurred because of the additional topic
“conservation,” because both “adaptive capacity” and “adaptive
potential” were used prior to 2001. We chose to include the topic
conservation as a unifying field to maximize shared research goals
and understand potential collaborative efforts across biological
fields and methodologies. Although these search methods may not
have produced a completely exhaustive list, they did provide a rep-
resentative sample of the literature related to conservation broadly
defined. After obtaining our original search results, we used the
refine tool to remove non-biology topics and review papers, news
articles, books, and symposium papers. Articles were categorized
by year published, number of times the term was used, taxa stud-
ied, and methodologies used. During this process, we also removed
articles not focused on conservation or social science by reading
each paper or the paper's abstract. In addition, we estimated the
geographic range of each study by creating a box around the study
points and estimating either directly on maps provided by the au-
thors or by importing locality data or study site maps into ArcGIS
Pro (ESRI, 2020).

ST e L

3 | PUBLICATION AND TOPIC PATTERNS
REVEAL DISJOINTED FIELDS

In general, adaptive capacity and adaptive potential publications
have been increasing between 2001 and 2019 (Figure 2a). Only 15
papers used both terms. The articles using adaptive capacity and/
or adaptive potential were spread across a wide range of journal
titles and were rarely repeated within the same journal. This high-
lighted the diversity of research disciplines and publication tar-
gets related to the terms. The top 10 journals by count of number
of publications showed low numbers of articles within the same
journal and minimal crossover among the terms (Table 1), reveal-
ing a coherent literature has not coalesced within a journal or set
of journals. The top journals reflected that adaptive capacity has
been primarily used by conservation ecologists, while adaptive po-
tential has been used primarily by evolutionary biologists. When
looking at top journals, the overall proportion of papers remained
relatively consistent through the sample period, with only adap-
tive potential showing a positive trend (Figure 2b). We excluded
Scientific Reports and PLOS One from analyses of proportions be-
cause these two journals had orders of magnitude higher number
of articles published across a range of disciplines (mean 5000 for
all journals across disciplines, N = 199,792 and 362,198, Scientific
Reports and PLOS One, respectively). Most articles used either
term infrequently across the paper and its abstract (Figure 3;
mode = 1; median = 4, 2, and 3 for AC, AP, and Both, respectively),
indicating the concepts were not the primary focus of the stud-
ies. Articles including adaptive capacity were associated with the
term climate change 63% of the time whereas adaptive potential
papers focused on climate change in 8.6% of the sample, poten-
tially reflecting generally broader definitions of adaptive capac-

ity, explicit linkage of adaptive capacity to climate change in the
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IPCC assessments starting from the second report, and inclusion
of social and SES elements in past definitions of adaptive capac-
ity. However, the use of adaptive capacity by the IPCC across the
assessments did not lead to any notable spikes in use of the term
when a new assessment was released (Figure 2). The higher use
of adaptive capacity in climate change studies may also explain

the larger geographic scope of studies citing adaptive capacity

TABLE 1 Counts of the number of publications during the study
period for the 10 most frequent journals

Term

Adaptive capacity Adaptive potential

Journal Number Journal Number

Global Change 6 Conservation Genetics 21
Biology

PLOS One 5 Evolutionary 10

Applications

Ecology and 4 Biological 7
Evolution Conservation

Ecosphere 4 Molecular Ecology 7

Climatic Change Ecology and Evolution 6

Diversity and 3 PLOS One 6
Distributions

Global Ecology and 3 Journal of Heredity 5
Conservation

Scientific Reports 3 Conservation Biology 4

Biodiversity and 2 Animal Conservation

Conservation

Ecological 2
Indicators

Heredity 3

1254

100 4

5]

504

Number of publications

254

compared to adaptive potential (Figure 4). This difference in geo-
graphic scope is also likely due to the biological scale these terms
attempt to describe. Adaptive potential was often considered as
an attribute of a population, whereas adaptive capacity was most
often applied to the individual species. We note some evidence
of integration among adaptive capacity and adaptive potential re-
search when environmental change was the focus of the research,
because a slight majority of papers using both terms (eight of 15

papers) were focused on climate change.

4 | COMPARISON OF ADAPTIVE
CAPACITY AND ADAPTIVE POTENTIAL
RESEARCH

4.1 | Research system

Most papers focused on the species. Although this aligns with the
definition of adaptive potential, some adaptive capacity papers fo-
cused above species (e.g., ecosystem). There were no clear differ-
ences in composition of study taxa between adaptive potential and
adaptive capacity (Figure S2), with the exception of a higher num-
ber of studies on ecotypes or species assemblages for adaptive
capacity, generally consistent with a focus on traits or phenotypes
within adaptive capacity research. Regardless, the intraspecific
focus of research on both topics may miss important components
in some systems because adaptive genetic variants may cross spe-
cies boundaries through hybridization (Hamilton & Miller, 2016)
and eco-evolutionary dynamics between species can affect popu-
lation viability (Hendry, 2016). Focus on ecotypes or ecosystems

was rare and used metrics similar to species-level studies. For
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FIGURE 4 Boxplot of rough estimated
geographic scale of the research by the
term of either adaptive capacity (AC) or
adaptive potential (AP) or both [Colour
figure can be viewed at wileyonlinelibrary.
com]
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example, range size and expected exposure to changing tempera-
ture has been applied to ecosystems (Virah-Sawmy et al., 2016).
Often ecosystem or habitat category approaches were found
within SES research (e.g., Gunderson et al., 2014; Whitney et al.,
2017) perhaps because the term adaptive capacity stems from
ecosystem resilience and systems research (as reviewed in Angeler
et al., 2019).

4.2 | Metrics of adaptive potential and
adaptive capacity

An ongoing challenge is identifying quantifiable metrics for either
adaptive potential or capacity. The most frequent single metrics in
past research have been phenotypic variation, range size, and neu-
tral genetic diversity. Encouragingly, studies often incorporate more
than one metric, and our analysis found a large overlap between
adaptive capacity and adaptive potential metrics (Figure S3). One
common theme is the need for interdisciplinary research to properly
address assessments of adaptive capacity, and the need has been
reviewed previously (e.g., Nicotra et al., 2015). We provide a very
brief overview of the metrics used in both adaptive potential and
adaptive capacity research, considering the former a subset of the
latter. Overall, the metrics focused explicitly or implicitly on compo-
nents of fitness and many included potential for eco-evolutionary
feedbacks.

ns
AP/AC
3 AC
F1 AP
F3 Both
AC AP Both
Word choice
421 | Geneticdiversity

Increased genetic diversity supplies a larger range of phenotypes for
selection to act upon, thus increasing adaptive potential. Estimation
of genetic diversity is a well-established concept and has been re-
viewed previously, including linkages to the concepts of adaptive ca-
pacity and adaptive potential (Beever et al., 2016; Willi et al., 2006).
Genetic monitoring may include adaptive and/or neutral variation,
as defined by Holderegger et al., (2006), and generally, with neutral
variation, many researchers operate under the assumption more ge-
netic diversity is better. It had been argued that adaptive variation
may be a more direct way to assess adaptive potential (Holderegger
et al., 2006) because neutral variation might be a poor proxy for the
capacity of a population to evolve in response to natural selection.
Genomic data may continue to improve our understanding of adap-
tive potential (Aravanopoulos, 2016), specifically through the iden-
tification of adaptive variation as sequencing technologies continue
to improve (Benestan et al., 2016; see Hohenlohe et al., 2019 for a
review of examples). In more recent papers, authors used a com-
bination of neutral and adaptive genetic diversity to better under-
stand the adaptive potential of a species, and different inferences
may result if only a single genetic data type is used (Eizaguirre &
Baltazar-Soares, 2014; Prince et al., 2017). One important note is
that multiple metrics of genetic diversity are used and specific meth-
ods of analyses with molecular data can impact estimates of adap-
tive potential, for example, heterozygosity versus allelic richness
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(Vilas et al., 2015). There are also multiple assumptions when relat-
ing genetic data to the adaptive potential or capacity of a species,
such as whether genetic variation is representative of phenotypic
variation. Quantitative traits are poorly correlated with neutral ge-
netic variation (Holderegger et al., 2006; Reed & Frankham, 2001),
which is particularly true for life history and behavioral traits. In one
meta-analysis, Mittell et al., (2015) found that molecular genetic di-
versity explained about 0.26 of the quantitative genetic variation.
In contrast, selective sweeps may reduce overall genetic diversity
by fixing regions of the genome beyond the genomic region where
selection is occurring (Smith & Haigh, 1974). Lastly, an emerging
concept is the use of genetic data and molecular dating to discuss
the adaptive potential of a species based on how long it has been
present as a metric of adaptive potential. In a rare example, Biersma
et al., (2018) used molecular dating of the internal transcribed spacer
region in Schistidium mosses, and highlight that adaptive potential is
likely high in species which have occurred for multiple millions of
years across varying climates. Such metrics may be more closely tied
to mutation rate and genetic mechanisms generating novel traits
over evolutionary time scales than within population genetic vari-
ance. With continued advances in sequencing and analysis methods,
genomic data will be an important key to understanding neutral and
adaptive genetic diversity and their relationship to fitness and popu-
lation demography in rapidly changing environments.

4.2.2 | Phenotypic variation/trait assessment

Whereas genetic diversity is closely tied to adaptive potential, trait-
based vulnerability assessments have a rich history for evaluat-
ing threats with climate change (see table 1 of Willis et al., 2015).
Phenotypic variation and other trait-based assessments were slightly
more common within adaptive capacity research. The focus of trait-
based assessments often considered either (1) presence or absence
of traits of interest; (2) plasticity (specifically gene by environment
interactions); (3) or indirect measures focused on environmental
heterogeneity. The general assumption has been that trait variation
provides populations with the ability to persist under heterogenous
environments, including when conditions move outside historical
conditions (e.g., under climate change). In the first case, variation
should be related to measures of genetic diversity whereas in the sec-
ond case, genetically based norms of reaction can produce a greater
degree of phenotypic variation than expected from genetic variation
alone. For example, differences in phenotypic plasticity and reaction
norms of hypoxia tolerance in salmon across populations indicate
differences in adaptive potential (Cote et al., 2012). However, this
is only true if the differences in reaction norms have some genetic
basis and are not strictly controlled by the environment (e.g., mater-
nal effects or early life experience). Under circumstances of com-
plete environmental control, plastic responses and the capacity for
adaptive evolution will not be linked. The timing and heritability of
trait expression is also critically important, and phenology may also
drive the success of a species (Olson et al., 2013). In some systems,

fitness-related traits can have low heritability (Hendry et al., 2018;
Rogell et al., 2010), which may slow the ability of a species to adapt
when facing change. Degree of plasticity in traits is an important,
but difficult to measure, factor affecting the ability of populations
to persist with environmental change (Nicotra et al., 2015) and the
underlying mechanisms and evolvability of plasticity are an active
area of research. Environmental heterogeneity has been used as an
indirect measure of trait variation because heterogeneity can cause
adapted family lines which may influence population persistence
(Huang et al., 2016). However, beyond the reasonable assumption
that heterogeneity increases persistence, metrics of environmental
heterogeneity are especially challenging to standardize and compare

across taxa and systems.

4.2.3 | Connectivity

Adaptive potential, and thereby adaptive capacity, may be positively
or negatively impacted by connectivity: gene flow can introduce
adaptive genetic variation to a population or impede local adapta-
tion. However, it is important to again consider eco-evolutionary
feedbacks within the system. For example, evolution can alter the
speed of species' range shifts and thus any attempts to estimate
range shifts need to account for evolution (Miller et al., 2020;
Nadeau & Urban, 2019). Our review revealed an array of methods
for estimating connectivity, including telemetry, movement ecology
modeling, and gene flow estimation. Modeling approaches included
systems modeling and dispersal kernels (Bonte & Bafort, 2019;
Summers et al., 2012). Gene flow estimates are well established in
the literature for understanding connectivity, and were measured
through landscape genetics approaches, which have been applied to
other conservation questions, such as restoration (Kaus et al., 2019;
Manel et al., 2003; Proft et al., 2018). Importantly, connectivity esti-
mates are beholden to the assumptions of the genetic markers used
and examples exist where neutral markers may show no population
structure, but traits show clear local adaptation (Fjellheim et al.,
2015). High connectivity will reduce the effects of drift, but may not
always confer high adaptive capacity and adaptive potential either;
more movement slows local adaptation with potential for outbreed-
ing depression (Blanquart et al., 2012). In addition, different types of
genetic variation can respond differently to habitat fragmentation
(Young et al., 1996).

The influence of connectivity on adaptive capacity beyond meta-
population dynamics, range expansion, or increased adaptive poten-
tial is complicated because adaptive capacity encompasses a wider
range of factors than adaptive potential, including SES factors. For
example, connectivity may be important in maintaining ecosystem
services flowing from biocomplexity, which can in turn affect social
drivers on ecological systems. As an example, the biocomplexity of
a large sockeye salmon metapopulation, including ecological traits
such as timing of spawning, egg size, and energetic allocation play an
important role in maintaining a large stable and highly regulated fish-
ery in southeast Alaska (Hilborn et al., 2003; Schindler et al., 2010).
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If this intraspecies variation is isolated, then the biocomplexity of a
species may break down, resulting in less reliable fisheries returns
and potential changes in fishing practices. Connectivity likely is also
important to the portfolio effect, which establishes that the stability
of a system is often greater than the individual parts and the covari-
ance of those parts (Schindler et al., 2015). If connectivity is reduced,
then the adaptive capacity of the population, species, or system will

likely be reduced.

4.2.4 | Population dynamics and range size

Large population size, a large number of subpopulations, higher popu-
lation growth rate, and larger range size are considered positive corre-
lates with adaptive capacity (Wade et al., 2017). A positive relationship
with adaptive potential is also generally, but not always, observed
(reviewed by Hoffmann et al., 2017; Lanfear et al., 2014). Although
models show support for higher adaptive potential in larger popula-
tions, empirical research is mixed (Willi et al., 2006). Population growth
rate is likely important, as declining populations lose genetic variation,
which may be important for persistence (Willi et al., 2006). In addi-
tion, the strength and form of density dependence may be important
metrics for understanding population trajectories in changing environ-
ments because eco-evolutionary dynamics depend on the interactions
of density, population growth rate, and selection (Catullo et al., 2015).
Range size is often a proxy for total number of individuals of a spe-
cies and may also be a metric for the degree of environmental hetero-
geneity currently experienced by a species. Distribution models have
been used to estimate potential loss and gain in range size (Kubisch
et al.,, 2013; Willis et al., 2015). In addition to range size, genetic vari-
ation across the range is an important consideration, as adaptive po-
tential may be lower in certain areas of the range (Volis et al., 2014).
Conversely, philopatry may conserve adaptive potential along range
margins, highlighting interactions between dispersal and genetics
(Stiebens et al., 2013) and may result in enhanced tracking of the local
environmental conditions in dynamic landscapes through adaptation
(Hendry & Stearns, 2004). In addition to population size and dynamics,
generation time and fecundity within the populations are important, as
shorter generation time and higher fecundity may result in increased
adaptive potential, and consequently adaptive capacity (Catullo et al.,
2015). Inbreeding and mating systems can reduce adaptive potential:
complete hybridization with immigrants may not increase adaptive po-
tential to theoretical levels (Swindell & Bouzat, 2006), but this is not
always the case (Willi et al., 2006), and thus inbreeding may have posi-
tive or negative effects on adaptive capacity. Although a wide array
of demographic metrics is possible, most papers focused on metrics
such as population size that may be easier to estimate than parameters
such as density-dependent population growth rates which may be
more predictive of population trajectories. Understanding the trade-
offs between ease of quantification and reliability among metrics is
an important consideration because, for instance, a small census size
may imply poor adaptive potential and capacity, whereas a large range
at low density would indicate higher adaptive capacity for a given
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population size if the large range is a surrogate for physiological toler-

ances of the species.

4.3 | Comprehensive adaptive capacity assessments:
A predictive and interdisciplinary endeavor

While reviewing the literature, we found a few robust estimates of
adaptive capacity, which always required interdisciplinary research
and generally included, at a minimum, proxies of adaptive potential.
Using multiple metrics can help provide a holistic understanding less
sensitive to individual metric assumptions, though factor selection
or weighting can greatly change the vulnerability assessments of
different species and it is important not to underestimate the sensi-
tivity of the predictor inputs (Wade et al., 2017). Adaptive capacity
assessments have combined metrics such as reproduction, move-
ment, range, and niche breadth estimates (Butt & Gallagher, 2018)
or combined genetic estimates of connectivity with predictions of
range dynamics (Razgour et al., 2018).

One key part of many comprehensive assessments is the appli-
cation of simulation modeling. Landscape resistance models, dis-
persal models, and landscape genomics can help understand the
flow of adaptive genetic variation across the landscape (Bay et al.,
2017; Creech et al., 2017; Razgour et al., 2019). One important
point emerging from genomic studies (Ahrens et al., 2019) is that
the environmental factor inducing the highest levels of selection
varies among species. Consequently, understanding the response
and strength of selection of multiple species from multiple environ-
mental variables will be important to robust assessments of system
adaptive capacity. Beyond differences in genetic selection on traits
among species, future efforts should aspire to integrate the role of
plastic trait expression as well. Further, we encourage consideration
of study geographic extent and boundaries, for example, during re-
serve design, because of the challenges associated with delineating
ecological systems in some scenarios. Specifically, discrete systems
may be embedded or connected to other systems with strong in-
fluence (e.g., terrestrial ecosystems on oceanic islands, Polis et al.,
1997; or “riverscapes,” Fausch et al., 2002). Regardless, a trade-off
exists between model complexity and focusing on the most import-
ant aspects of the system, and similar conversations have occurred
surrounding assumptions and complexity in the adaptive modeling
literature (Kokko, 2005).

4.4 | Bridging concepts and best practices:
Integrating adaptive potential into adaptive capacity

We contend that adaptive potential is one of the three pillars of
adaptive capacity and that recognition of the hierarchical inter-
relationships among system elements conferring system potential
and capacity is important (Figure 1). In addition, the exclusion or
inclusion of human intention and action as direct or indirect system

factors is a key difference between adaptive capacity definitions
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in the ecological versus SES literatures, and that the former can be
partly subsumed under the latter. After reviewing the literature, we
identified several steps to developing a robust estimate of adaptive
capacity and identification of the ecological and social factors re-
quired for a species to persist. First, researchers need to understand
species’ response to environmental change across landscapes, the
magnitude of anticipated environmental change, and the temporal
rate and pattern of change. This can be done through range-wide
mapping of environmental change to determine not only how much
change might occur but where it may occur. Shifts in range size and
shape can then be estimated with distribution models based on in-
formation about species traits limiting range. Second, researchers
will need to understand limitations of local adaptation and phe-
notypic plasticity at threatened or near-threatened sites to buffer
projected loss. This can be achieved by identifying adaptive alleles,
patterns of heritability, and common garden estimates of pheno-
typic plasticity. Common gardens are often used for understanding
the additive genetic variation of a trait, but controlled manipulation
of the environment when using siblings or relatedness indices also
makes it a useful tool for phenotypic plasticity. Third, it will be im-
portant to estimate connectivity to elucidate whether individuals
can track their current climate envelope or whether genetic or phe-
notypic traits can move into populations to alter niches and prevent
local extinction. Connectivity assessments can be done using an
array of spatially explicit simulations in conjunction with either te-
lemetry or gene flow estimates from neutral markers. An important
component can be the use of sensitivity analyses to simultaneously
identify parameters with the largest influence on systems and/or
effects of measurement error on model outcome and efficiently al-
locate future empirical efforts toward those parameters. One im-
portant note for all the steps above is that accurate inferences will
be limited by the measurements we can make in the field or lab.
As Beever et al., (2016) state, the adaptive capacity of a species
can be classified as either fundamental or realized, similar to niche
space, and that current observations of realized space may not en-
capsulate the full fundamental capacity of the species. Trade-offs
in a system may also result from interactions among species and
linking how one species' adaptive capacity changes another spe-
cies' adaptive capacity is an essential question to explore to better
understand the conservation implications of environmental change.
Fourth, defining key SES elements, drivers, and feedbacks will be
necessary for predicting a species’ response to a given environmen-
tal change. SES elements may influence the ability of a species to
respond either directly, such as through causing direct mortality of
individuals or reducing connectivity, or indirectly, such as increas-
ing the rate of environmental change. Finally, once the data are
collected, one of the biggest challenges will be creating a single,
cohesive adaptive capacity analysis framework. Such integrative
efforts will likely be species specific and involve many (sub)models
and data gaps may be extensive for some species of conservation
concern. Nonetheless, integrated analyses will be key for identify-
ing conditions that provide “surprises"—outcomes that are nonin-
tuitive caused by, for example, nonlinear dynamics, facilitation, or

other feedbacks not obvious using typical bioclimatic projection
approaches.

When managing for adaptive capacity and adaptive potential,
there are two broad approaches once the above steps are com-
pleted. The first is “organism-focused,” where the goal may be to
identify populations with high adaptive capacity and aim to support
those populations. This may involve individual protections for popu-
lations or using these individuals to support populations with lower
adaptive capacity where the species may be threatened by environ-
mental change through conservation breeding or translocation pro-
grams. The second is “habitat- or system-focused,” aiming to identify
the factors which are important for adaptive capacity, particularly
any limits to social adaptive potential as defined above, so that steps
and policies can be implemented to ensure that adaptive capacity
does not decrease in the future. Given the current non-stationarity
of socio-ecological systems, the factors influencing adaptive capac-
ity may change over time, and the dynamics and feedback loops will
need to be understood.

5 | CONCLUSION

Understanding adaptive capacity is paramount to mitigating the ef-
fects of environmental change, but currently a consensus is lacking
on the appropriate methods and definitions. Our results compar-
ing and linking adaptive capacity with adaptive potential across the
fields of conservation biology and evolutionary biology reveal how
the integration of evolution and social system drivers may be lacking
in some conservation plans. Although adaptive capacity and adap-
tive potential have been conflated in some cases, there is support
for considering adaptive potential as a subcomponent of adaptive
capacity. The complex eco-evolutionary feedbacks of these sub-
jects make determining metrics and integrating across disciplines
challenging, yet these same feedbacks and potential for nonlinear
dynamics highlight the need for mechanistic understanding. Some
of the barriers between conservation practitioners, either conser-
vation biologists or managers, and evolutionary biologists has been
explored elsewhere (Cook & Sgro, 2017, 2019). The general gap
between these fields is particularly prevalent when comparing the
understanding of adaptive capacity between academia and stake-
holders (Mcleod et al., 2016). Although linking evolutionary biolo-
gists and conservation biologists through interdisciplinary research
on adaptive capacity may help with the conservation of imperiled
taxa, increasing participation of researchers from across disciplines
will take a concentrated effort to maximize intellectual progress.
Most current environmental change is anthropogenic and elucidat-
ing the key social drivers and constraints will be critical. Explicitly
recognizing human planning, actions, and responses as components
of a fully integrated definition of adaptive capacity may help rec-
oncile “ecological” and “sociological” definitions and provide fruitful
research and conservation paths.

Our review is intended to increase understanding of appropri-
ate methods while encouraging robust interdisciplinary analysis.
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By linking evolutionary biologists, conservation biologists, systems
theorists, and social scientists, interdisciplinary research on adap-
tive capacity may help with the conservation of imperiled taxa while
continuing the foundational research of adaptive potential. One
persistent issue across these fields and terms is missing definitions
and, at minimum, we recommend researchers explicitly define terms
when addressing concepts of adaptive potential and capacity. Even
if a single unifying definition does not exist, it will be imperative to
make sure that at least the working definition for a particular study
is always obvious. As working definitions and transdisciplinary re-
search occurs, adaptive potential and adaptive capacity researchers
can learn from each other to maximize growth of the field. This is
only beneficial to broad conservation goals if a better understand-
ing of the implementation of vulnerability assessment is improved
(Engle, 2011; Petersen et al., 2018).

Interdisciplinary research among these fields of biology should
occur along with SES research because effective conservation will
need to involve an understanding of policy and human-environment
feedback loops. Fully understanding the adaptive capacity of a spe-
cies is a resource heavy endeavor, which will require engagement
beyond the biological landscape. Furthermore, social and political
systems are currently the primary drivers of the environmental
change that adaptive capacity research is focused on addressing,
and a continuing challenge will be to efficiently allocate limited con-
servation resources between increasing mechanistic understanding
and implementation of conservation action. In the absence of being
able to fully describe the adaptive capacity of a species or ecosys-
tem, mitigation may need to be focused on limiting the environmen-

tal change itself through social and political systems.

ACKNOWLEDGMENTS

We thank attendees at the EPSCoR GEMS3 seminar where prelimi-
nary results were shared for their feedback and discussion. In ad-
dition, we thank Andrew Child for help with data management and
storage. We also thank the work of the reviewers toward improving
the original manuscript. This publication was made possible by the
NSF Idaho EPSCoR Program and by the National Science Foundation
under award number OIA-1757324.

CONFLICT OF INTEREST
The authors report no conflict of interest.

DATA AVAILABILITY STATEMENT
Web of Science export results available through the Northwest
Knowledge Network (Seaborn, 2021).

ORCID
Travis Seaborn "= https://orcid.org/0000-0003-1036-7028
REFERENCES

Adger, W. N., & Vincent, K. (2005). Uncertainty in adaptive capac-
ity. Comptes Rendus Geoscience, 337(4), 399-410. https://doi.
org/10.1016/j.crte.2004.11.004

I i ey

Ahrens, C. W., Byrne, M., & Rymer, P. D. (2019). Standing genomic
variation within coding and regulatory regions contributes to the
adaptive capacity to climate in a foundation tree species. Molecular
Ecology, 28(10), 2502-2516. https://doi.org/10.1111/mec.15092

Angeler, D. G., Fried-Petersen, H. B., Allen, C. R., Garmestani, A.,
Twidwell, D., Chuang, W. C., & Wonkka, C. L. (2019). Adaptive
capacity in ecosystems. Advances in Ecological Research, 60, 1-24.
https://doi.org/10.1016/bs.aecr.2019.02.001

Aravanopoulos, F. A. (2016). Conservation and monitoring of tree ge-
netic resources in temperate forests. Current Forestry Reports, 2,
119-129. https://doi.org/10.1007/s40725-016-0038-8

Bay, R. A., Rose, N. H., Logan, C. A., & Palumbi, S. R. (2017). Genomic
models predict successful coral adaptation if future ocean warming
rates are reduced. Science Advances, 3(11), e1701413. https://doi.
org/10.1126/sciadv.1701413

Beever, E. A., O'Leary, J., Mengelt, C., West, J. M., Julius, S., Green,
N., Magness, D., Petes, L., Stein, B., Nicotra, A. B., Hellmann, J.
J., Robertson, A. L., Staudinger, M. D., Rosenberg, A. A., Babij, E
Brennan, J., Schuurman, G. W., & Hofmann, G. E. (2016). Improving
conservation outcomes with a new paradigm for understanding
species' fundamental and realized adaptive capacity. Conservation
Letters, 9(2), 131-137. https://doi.org/10.1111/conl.12190

Benestan, L. M., Ferchaud, A.-L., Hohenlohe, P. A., Garner, B. A., Naylor,
G. J. P, Baums, |. B., Schwartz, M. K., Kelley, J. L., & Luikart, G.
(2016). Conservation genomics of natural and managed popula-
tions: Building a conceptual and practical framework. Molecular
Ecology, 25(13), 2967-2977. https://doi.org/10.1111/mec.13647

Biersma, E. M., Jackson, J. A., Stech, M., Griffiths, H., Linse, K., & Convey,
P. (2018). Molecular data suggest long-term in situ Antarctic per-
sistence within Antarctica's most speciose plant genus, Schistidium.
Frontiers in Ecology and Evolution, 6, 77. https://doi.org/10.3389/
fevo.2018.00077

Blanquart, F., Gandon, S., & Nuismer, S. L. (2012). The effects of mi-
gration and drift on local adaptation to a heterogeneous environ-
ment. Journal of Evolutionary Biology, 25(7), 1351-1363. https://doi.
org/10.1111/j.1420-9101.2012.02524.x

Bonte, D., & Bafort, Q. (2019). The importance and adaptive value of life-
history evolution for metapopulation dynamics. Journal of Animal
Ecology, 88(1), 24-34. https://doi.org/10.1111/1365-2656.12928

Brooke, C. (2008). Conservation and adaptation to climate
change. Conservation Biology, 22(6), 1471-1476. https://doi.
org/10.1111/j.1523-1739.2008.01031.x

Brookfield, J. F. (2009). Evolution and evolvability: Celebrating Darwin
200. Biology Letters, 5(1), 44-46. https://doi.org/10.1098/rsbl.
2008.0639

Butt, N., & Gallagher, R. (2018). Using species traits to guide conserva-
tion actions under climate change. Climatic Change, 151(2), 317-
332. https://doi.org/10.1007/s10584-018-2294-z

Catullo, R. A,, Ferrier, S., & Hoffmann, A. A. (2015). Extending spatial
modelling of climate change responses beyond the realized niche:
Estimating, and accommodating, physiological limits and adaptive
evolution. Global Ecology and Biogeography, 24(10), 1192-1202.
https://doi.org/10.1111/geb.12344

Cook, C. N., & Sgro, C. M. (2017). Aligning science and policy to achieve
evolutionarily enlightened conservation. Conservation Biology,
31(3), 501-512. https://doi.org/10.1111/cobi.12863

Cook, C.N.,&Sgro, C. M. (2019). Poor understanding of evolutionary the-
ory is a barrier to effective conservation management. Conservation
Letters, 12(2), e12619. https://doi.org/10.1111/conl.12619

Céte, J., Roussel, J. M., Le Cam, S., Bal, G., & Evanno, G. (2012).
Population differences in response to hypoxic stress in Atlantic
salmon. Journal of Evolutionary Biology, 25(12), 2596-2606. https://
doi.org/10.1111/jeb.12007

Creech, T. G, Epps, C. W.,, Landguth, E. L., Wehausen, J. D., Crowhurst,
R. S., Holton, B., & Monello, R. J. (2017). Simulating the spread of
selection-driven genotypes using landscape resistance models


https://orcid.org/0000-0003-1036-7028
https://orcid.org/0000-0003-1036-7028
https://doi.org/10.1016/j.crte.2004.11.004
https://doi.org/10.1016/j.crte.2004.11.004
https://doi.org/10.1111/mec.15092
https://doi.org/10.1016/bs.aecr.2019.02.001
https://doi.org/10.1007/s40725-016-0038-8
https://doi.org/10.1126/sciadv.1701413
https://doi.org/10.1126/sciadv.1701413
https://doi.org/10.1111/conl.12190
https://doi.org/10.1111/mec.13647
https://doi.org/10.3389/fevo.2018.00077
https://doi.org/10.3389/fevo.2018.00077
https://doi.org/10.1111/j.1420-9101.2012.02524.x
https://doi.org/10.1111/j.1420-9101.2012.02524.x
https://doi.org/10.1111/1365-2656.12928
https://doi.org/10.1111/j.1523-1739.2008.01031.x
https://doi.org/10.1111/j.1523-1739.2008.01031.x
https://doi.org/10.1098/rsbl.2008.0639
https://doi.org/10.1098/rsbl.2008.0639
https://doi.org/10.1007/s10584-018-2294-z
https://doi.org/10.1111/geb.12344
https://doi.org/10.1111/cobi.12863
https://doi.org/10.1111/conl.12619
https://doi.org/10.1111/jeb.12007
https://doi.org/10.1111/jeb.12007

SEABORN ET AL.

Ly e

for desert bighorn sheep. PLoS One, 12(5), e0176960. https://doi.
org/10.1371/journal.pone.0176960

Eizaguirre, C., & Baltazar-Soares, M. (2014). Evolutionary conservation-
evaluating the adaptive potential of species. Evolutionary
Applications, 7(9), 963-967. https://doi.org/10.1111/eva.12227

Engle, N. L. (2011). Adaptive capacity and its assessment. Global
Environmental Change, 21(2), 647-656. https://doi.org/10.1016/j.
gloenvcha.2011.01.019

ESRI. (2020). ArcGlIS Pro: Release 2.5.0. Environmental Systems Research
Institute.

Fausch, K. D., Power, M. E., & Murakami, M. (2002). Linkages between
stream and forest food webs: Shigeru Nakano's legacy for ecology
in Japan. Trends in Ecology & Evolution, 17(9), 429-434. https://doi.
org/10.1016/50169-5347(02)02572-7

Fazey, |., Fazey, J. A., Fischer, J., Sherren, K., Warren, J., Noss, R. F., &
Dovers, S. R. (2007). Adaptive capacity and learning to learn as
leverage for social-ecological resilience. Frontiers in Ecology and
the Environment, 5(7), 375-380. https://doi.org/10.1890/1540-
9295(2007)5%5B375:ACALTL%5D2.0.CO;2

Fieher, R. A. (1922). The genetical theory of natural selection, 1930.
Proceedings of the Royal Society of Edinburgh, 42, 321-341.

Fjellheim, S., Tanhuanpa3, P., Marum, P., Manninen, O., & Rognli, O. A.
(2015). Phenotypic or molecular diversity screening for conserva-
tion of genetic resources? An example from a genebank collection
of the temperate forage grass timothy. Crop Science, 55(4), 1646-
1659. https://doi.org/10.2135/cropsci2014.12.0825

Fortini, L., & Schubert, O.(2017). Beyond exposure, sensitivity and adap-
tive capacity: A response based ecological framework to assess
species climate change vulnerability. Climate Change Responses,
4(1), 1-7. https://doi.org/10.1186/s40665-017-0030-y

Franklin, I. R., & Frankham, R. (1998). How large must populations be
to retain evolutionary potential? Animal Conservation, 1(1), 69-70.
https://doi.org/10.1111/j.1469-1795.1998.tb00228.x

Funk, W. C., Forester, B. R., Converse, S. J., Darst, C., & Morey, S.
(2019). Improving conservation policy with genomics: A guide
to integrating adaptive potential into US Endangered Species
Act decisions for conservation practitioners and geneticists.
Conservation Genetics, 20(1), 115-134. https://doi.org/10.1007/
s10592-018-1096-1

Gunderson, L. H., Garmestani, A., Rizzardi, K. W., Ruhl, J. B., & Light, A.
(2014). Escaping a rigidity trap: Governance and adaptive capacity
to climate change in the everglades social ecological system. Idaho
Law Review, 51, 127-154.

Hamilton, J. A., & Miller, J. M. (2016). Adaptive introgression as a re-
source for management and genetic conservation in a changing cli-
mate. Conservation Biology, 30(1), 33-41. https://doi.org/10.1111/
cobi.12574

Hendry, A. P. (2016). Key questions on the role of phenotypic plasticity
in eco-evolutionary dynamics. Journal of Heredity, 107(1), 25-41.
https://doi.org/10.1093/jhered/esv060

Hendry, A. P., & Stearns, S. C. (2004). Evolution illuminated: Salmon and
their relatives. Oxford University Press.

Hendry, A. P,, Schoen, D. J., Wolak, M. E., & Reid, J. M. (2018). The con-
temporary evolution of fitness. Annual Review of Ecology, Evolution,
and Systematics, 49, 457-476. https://doi.org/10.1146/annurev-
ecolsys-110617-062358

Hilborn, R., Quinn, T. P., Schindler, D. E., & Rogers, D. E. (2003).
Biocomplexity and fisheries sustainability. Proceedings of the
National Academy of Sciences of the United States of America, 100(11),
6564-6568. https://doi.org/10.1073/pnas.1037274100

Hoffmann, A. A., Sgro, C. M., & Kristensen, T. N. (2017). Revisiting
adaptive potential, population size, and conservation. Trends in
Ecology & Evolution, 32(7), 506-517. https://doi.org/10.1016/j.
tree.2017.03.012

Hohenlohe, P. A., McCallum, H. I., Jones, M. E., Lawrance, M. F., Hamede,
R. K., & Storfer, A. (2019). Conserving adaptive potential: Lessons

from Tasmanian devils and their transmissible cancer. Conservation
Genetics, 20(1), 81-87. https://doi.org/10.1007/s10592-019-
01157-5

Holderegger, R., Kamm, U., & Gugerli, F. (2006). Adaptive vs. neu-
tral genetic diversity: Implications for landscape genetics.
Landscape Ecology, 21(6), 797-807. https://doi.org/10.1007/s1098
0-005-5245-9

Holling, C. S. (1973). Resilience and stability of ecological systems.
Annual Review of Ecology and Systematics, 4(1), 1-23. https://doi.
org/10.1146/annurev.es.04.110173.000245

Holt, R. D. (2009). Bringing the Hutchinsonian niche into the 21st cen-
tury: Ecological and evolutionary perspectives. Proceedings of
the National Academy of Sciences of the United States of America,
106(Supplement 2), 19659-19665. https://doi.org/10.1073/pnas.
0905137106

Huang, Y., Tran, I., & Agrawal, A. F. (2016). Does genetic variation main-
tained by environmental heterogeneity facilitate adaptation to
novel selection? The American Naturalist, 188(1), 27-37. https://doi.
org/10.1086/686889

Kaus, A., Michalski, S., Hanfling, B., Karthe, D., Borchardt, D., & Durka,
W. (2019). Fish conservation in the land of steppe and sky:
Evolutionarily significant units of threatened salmonid species
in Mongolia mirror major river basins. Ecology and Evolution, 9(6),
3416-3433. https://doi.org/10.1002/ece3.4974

Kirschner, M., & Gerhart, J. (1998). Evolvability. Proceedings of the
National Academy of Sciences of the United States of America, 95(15),
8420-8427. https://doi.org/10.1073/pnas.95.15.8420

Kokko, H. (2005). Useful ways of being wrong. Journal of Evolutionary
Biology, 18(5), 1155-1157. https://doi.org/10.1111/j.1420-9101.
2004.00853.x

Kubisch, A., Degen, T., Hovestadt, T., & Poethke, H. J. (2013). Predicting
range shifts under global change: The balance between local ad-
aptation and dispersal. Ecography, 36(8), 873-882. https://doi.
org/10.1111/j.1600-0587.2012.00062.x

La Haye, M. J. J.,, Reiners, T. E., Raedts, R., Verbist, V., & Koelewijn, H. P.
(2017). Genetic monitoring to evaluate reintroduction attempts of
a highly endangered rodent. Conservation Genetics, 18(4), 877-892.
https://doi.org/10.1007/s10592-017-0940-z

Lande, R. (1995). Mutation and conservation. Conservation Biology,
9(4), 782-791. https://doi.org/10.1046/j.1523-1739.1995.09040
782.x

Lanfear, R., Kokko, H., & Eyre-Walker, A. (2014). Population size and
the rate of evolution. Trends in Ecology & Evolution, 29(1), 33-41.
https://doi.org/10.1016/j.tree.2013.09.009

Lortie, C. J., & Bonte, D. (2016). Zen and the art of ecological synthesis.
Oikos, 125(3), 285-287. https://doi.org/10.1111/0ik.03161

Mable, B. K. (2019). Conservation of adaptive potential and functional di-
versity: Integrating old and new approaches. Conservation Genetics,
20(1), 89-100. https://doi.org/10.1007/s10592-018-1129-9

Manel, S., Schwartz, M. K., Luikart, G., & Taberlet, P. (2003). Landscape
genetics: Combining landscape ecology and population genet-
ics. Trends in Ecology & Evolution, 18(4), 189-197. https://doi.
org/10.1016/50169-5347(03)00008-9

Mayr, E. (1998). The multiple meanings of ‘teleological’. History and
Philosophy of the Life Sciences, 20(1), 35-40.

Mcleod, E., Szuster, B., Hinkel, J., Tompkins, E. L., Marshall, N., Downing,
T., Wongbusarakum, S., Patwardhan, A., Hamza, M. O., Anderson,
C., Bharwani, S., Hansen, L., & Rubinoff, P. (2016). Conservation
organizations need to consider adaptive capacity: Why local
input matters. Conservation Letters, 9(5), 351-360. https://doi.
org/10.1111/conl.12210

Miller, T. E. X., Angert, A. L., Brown, C. D., Lee-Yaw, J. A., Lewis, M.,
Lutscher, F., Marculis, N. G., Melbourne, B. A., Shaw, A. K., Sz(ics,
M., Tabares, O., Usui, T., Weiss-Lehman, C., & Williams, J. L. (2020).
Eco-evolutionary dynamics of range expansion. Ecology, 101(10),
€03139. https://doi.org/10.1002/ecy.3139


https://doi.org/10.1371/journal.pone.0176960
https://doi.org/10.1371/journal.pone.0176960
https://doi.org/10.1111/eva.12227
https://doi.org/10.1016/j.gloenvcha.2011.01.019
https://doi.org/10.1016/j.gloenvcha.2011.01.019
https://doi.org/10.1016/S0169-5347(02)02572-7
https://doi.org/10.1016/S0169-5347(02)02572-7
https://doi.org/10.1890/1540-9295(2007)5%5B375:ACALTL%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5B375:ACALTL%5D2.0.CO;2
https://doi.org/10.2135/cropsci2014.12.0825
https://doi.org/10.1186/s40665-017-0030-y
https://doi.org/10.1111/j.1469-1795.1998.tb00228.x
https://doi.org/10.1007/s10592-018-1096-1
https://doi.org/10.1007/s10592-018-1096-1
https://doi.org/10.1111/cobi.12574
https://doi.org/10.1111/cobi.12574
https://doi.org/10.1093/jhered/esv060
https://doi.org/10.1146/annurev-ecolsys-110617-062358
https://doi.org/10.1146/annurev-ecolsys-110617-062358
https://doi.org/10.1073/pnas.1037274100
https://doi.org/10.1016/j.tree.2017.03.012
https://doi.org/10.1016/j.tree.2017.03.012
https://doi.org/10.1007/s10592-019-01157-5
https://doi.org/10.1007/s10592-019-01157-5
https://doi.org/10.1007/s10980-005-5245-9
https://doi.org/10.1007/s10980-005-5245-9
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1073/pnas.0905137106
https://doi.org/10.1073/pnas.0905137106
https://doi.org/10.1086/686889
https://doi.org/10.1086/686889
https://doi.org/10.1002/ece3.4974
https://doi.org/10.1073/pnas.95.15.8420
https://doi.org/10.1111/j.1420-9101.2004.00853.x
https://doi.org/10.1111/j.1420-9101.2004.00853.x
https://doi.org/10.1111/j.1600-0587.2012.00062.x
https://doi.org/10.1111/j.1600-0587.2012.00062.x
https://doi.org/10.1007/s10592-017-0940-z
https://doi.org/10.1046/j.1523-1739.1995.09040782.x
https://doi.org/10.1046/j.1523-1739.1995.09040782.x
https://doi.org/10.1016/j.tree.2013.09.009
https://doi.org/10.1111/oik.03161
https://doi.org/10.1007/s10592-018-1129-9
https://doi.org/10.1016/S0169-5347(03)00008-9
https://doi.org/10.1016/S0169-5347(03)00008-9
https://doi.org/10.1111/conl.12210
https://doi.org/10.1111/conl.12210
https://doi.org/10.1002/ecy.3139

SEABORN ET AL.

Mittell, E. A., Nakagawa, S., & Hadfield, J. D. (2015). Are molecular mark-
ers useful predictors of adaptive potential? Ecology Letters, 18(8),
772-778. https://doi.org/10.1111/ele.12454

Moher, D., Liberati, A., Tetzlaff, J., & Altman, D. G. (2010). Preferred
reporting items for systematic reviews and meta-analyses: The
PRISMA statement. International Journal of Surgery, 8(5), 336-341.
https://doi.org/10.1016/j.ijsu.2010.02.007

Nadeau, C. P, & Urban, M. C. (2019). Eco-evolution on the edge
during climate change. Ecography, 42(7), 1280-1297. https://doi.
org/10.1111/ecog.04404

Nicotra, A. B., Beever, E. A, Robertson, A. L., Hofmann, G. E., & O'Leary,
J. (2015). Assessing the components of adaptive capacity to im-
prove conservation and management efforts under global change.
Conservation Biology, 29(5), 1268-1278. https://doi.org/10.1111/
cobi.12522

Ofori, B. Y., Stow, A. J., Baumgartner, J. B., & Beaumont, L. J. (2017).
Influence of adaptive capacity on the outcome of climate change
vulnerability assessment. Scientific Reports, 7(1), 1-12. https://doi.
org/10.1038/s41598-017-13245-y

Olson, M. S,, Levsen, N., Soolanayakanahally, R. Y., Guy, R. D., Schroeder,
W. R., Keller, S. R., & Tiffin, P. (2013). The adaptive potential of
Populus balsamifera L. to phenology requirements in a warmer
global climate. Molecular Ecology, 22(5), 1214-1230. https://doi.
org/10.1111/mec.12067

Oostra, V., Saastamoinen, M., Zwaan, B. J., & Wheat, C. W. (2018). Strong
phenotypic plasticity limits potential for evolutionary responses
to climate change. Nature Communications, 9(1), 1-11. https://doi.
org/10.1038/s41467-018-03384-9

Petersen, B., Aslan, C., Stuart, D., & Beier, P. (2018). Incorporating
social and ecological adaptive capacity into vulnerability assess-
ments and management decisions for biodiversity conservation.
BioScience, 68(5), 371-380. https://doi.org/10.1093/biosci/
biy020

Peterson, G., Allen, C. R., & Holling, C. S. (1998). Ecological resil-
ience, biodiversity, and scale. Ecosystems, 1(1), 6-18. https://doi.
org/10.1007/s100219900002

Polis, G. A., Anderson, W. B., & Holt, R. D. (1997). Toward an integration
of landscape and food web ecology: The dynamics of spatially sub-
sidized food webs. Annual Review of Ecology and Systematics, 28(1),
289-316. https://doi.org/10.1146/annurev.ecolsys.28.1.289

Prince, D. J., O'Rourke, S. M., Thompson, T. Q., Ali, O. A., Lyman, H. S.,
Saglam, I. K., Hotaling, T. J., Spidle, A. P., & Miller, M. R. (2017).
The evolutionary basis of premature migration in Pacific salmon
highlights the utility of genomics for informing conservation.
Science Advances, 3(8), €1603198. https://doi.org/10.1126/sciadv.
1603198

Proft, K. M., Jones, M. E., Johnson, C. N., & Burridge, C. P. (2018). Making
the connection: Expanding the role of restoration genetics in re-
storing and evaluating connectivity. Restoration Ecology, 26(3), 411-
418. https://doi.org/10.1111/rec.12692

Razgour, O., Forester, B., Taggart, J. B., Bekaert, M., Juste, J., Ibaiez, C.,
Puechmaille, S. J., Novella-Fernandez, R., Alberdi, A., & Manel, S.
(2019). Considering adaptive genetic variation in climate change
vulnerability assessment reduces species range loss projections.
Proceedings of the National Academy of Sciences of the United States
of America, 116(21), 10418-10423. https://doi.org/10.1073/
pnas.1820663116

Razgour, O., Taggart, J. B., Manel, S., Juste, J.,, Ibafiez, C., Rebelo, H.,
Alberdi, A., Jones, G., & Park, K. (2018). An integrated frame-
work to identify wildlife populations under threat from climate
change. Molecular Ecology Resources, 18(1), 18-31. https://doi.
org/10.1111/1755-0998.12694

Reed, D. H., & Frankham, R. (2001). How closely correlated are mo-
lecular and quantitative measures of genetic variation? A meta-
analysis. Evolution, 55(6), 1095-1103. https://doi.org/10.1111/
j.0014-3820.2001.th00629.x

T e L

Rogell, B., Eklund, M., Thérngren, H., Laurila, A., & Hoéglund, J. (2010).
The effects of selection, drift and genetic variation on life-history
trait divergence among insular populations of natterjack toad,
Bufo calamita. Molecular Ecology, 19(11), 2229-2240. https://doi.
org/10.1111/j.1365-294X.2010.04642.x

Schindler, D. E., Armstrong, J. B., & Reed, T. E. (2015). The portfo-
lio concept in ecology and evolution. Frontiers in Ecology and the
Environment, 13(5), 257-263. https://doi.org/10.1890/140275

Schindler, D. E., Hilborn, R., Chasco, B., Boatright, C. P., Quinn, T. P,
Rogers, L. A., & Webster, M. S. (2010). Population diversity and
the portfolio effect in an exploited species. Nature, 465(7298),
609-612.

Seaborn, T. (2021). Building a bridge between adaptive capacity and adap-
tive potential to understand responses to environmental change.
Northwest Knowledge Network (NKN) at the University of Idaho.
https://doi.org/10.7923/TMCG-P106

Senner, N. R., Stager, M., & Cheviron, Z. A. (2018). Spatial and temporal
heterogeneity in climate change limits species' dispersal capabili-
ties and adaptive potential. Ecography, 41(9), 1428-1440. https://
doi.org/10.1111/ecog.03234

Smith, J. M., & Haigh, J. (1974). The hitch-hiking effect of a favourable
gene. Genetics Research, 23(1), 23-35. https://doi.org/10.1017/
S0016672300014634

Stiebens, V. A., Merino, S. E., Roder, C., Chain, F. J., Lee, P. L., & Eizaguirre,
C. (2013). Living on the edge: How philopatry maintains adaptive
potential. Proceedings of the Royal Society B: Biological Sciences,
280(1763), 20130305. https://doi.org/10.1098/rspb.2013.0305

Summers, D. M., Bryan, B. A., Crossman, N. D., & Meyer, W. S. (2012).
Species vulnerability to climate change: Impacts on spatial conser-
vation priorities and species representation. Global Change Biology,
18(7), 2335-2348. https://doi.org/10.1111/j.1365-2486.2012.
02700.x

Swindell, W. R., & Bouzat, J. L. (2006). Gene flow and adaptive poten-
tial in Drosophila melanogaster. Conservation Genetics, 7(1), 79-89.
https://doi.org/10.1007/s10592-005-8223-5

Thurman, L. L., Stein, B. A, Beever, E. A., Foden, W., Geange, S. R., Green,
N., Gross, J. E., Lawrence, D. J,, LeDee, O., Olden, J. D., Thompson,
L. M., & Young, B. E. (2020). Persist in place or shift in space?
Evaluating the adaptive capacity of species to climate change.
Frontiers in Ecology and the Environment, 18(9), 520-528. https://
doi.org/10.1002/fee.2253

Valladares, F., Matesanz, S., Guilhaumon, F., Aratdjo, M. B., Balaguer, L.,
Benito-Garzén, M., Cornwell, W., Gianoli, E., Kleunen, M., Naya, D.
E., Nicotra, A. B., Poorter, H., & Zavala, M. A. (2014). The effects of
phenotypic plasticity and local adaptation on forecasts of species
range shifts under climate change. Ecology Letters, 17(11), 1351-
1364. https://doi.org/10.1111/ele.12348

Vilas, A., Pérez-Figueroa, A., Quesada, H., & Caballero, A. (2015). Allelic
diversity for neutral markers retains a higher adaptive potential for
quantitative traits than expected heterozygosity. Molecular Ecology,
24(17), 4419-4432. https://doi.org/10.1111/mec.13334

Virah-Sawmy, M., Gillson, L., Gardner, C. J., Anderson, A., Clark, G.,
& Haberle, S. (2016). A landscape vulnerability framework
for identifying integrated conservation and adaptation path-
ways to climate change: The case of Madagascar's spiny forest.
Landscape Ecology, 31(3), 637-654. https://doi.org/10.1007/
s10980-015-0269-2

Volis, S., Ormanbekova, D., Yermekbayev, K., Song, M., & Shulgina, I.
(2014). Introduction beyond a species range: A relationship be-
tween population origin, adaptive potential and plant performance.
Heredity, 113(3), 268-276. https://doi.org/10.1038/hdy.2014.25

Wade, A. A., Hand, B. K., Kovach, R. P, Luikart, G., Whited, D. C., &
Muhlfeld, C. C. (2017). Accounting for adaptive capacity and un-
certainty in assessments of species' climate-change vulnerability.
Conservation Biology, 31(1), 136-149. https://doi.org/10.1111/
cobi.12764


https://doi.org/10.1111/ele.12454
https://doi.org/10.1016/j.ijsu.2010.02.007
https://doi.org/10.1111/ecog.04404
https://doi.org/10.1111/ecog.04404
https://doi.org/10.1111/cobi.12522
https://doi.org/10.1111/cobi.12522
https://doi.org/10.1038/s41598-017-13245-y
https://doi.org/10.1038/s41598-017-13245-y
https://doi.org/10.1111/mec.12067
https://doi.org/10.1111/mec.12067
https://doi.org/10.1038/s41467-018-03384-9
https://doi.org/10.1038/s41467-018-03384-9
https://doi.org/10.1093/biosci/biy020
https://doi.org/10.1093/biosci/biy020
https://doi.org/10.1007/s100219900002
https://doi.org/10.1007/s100219900002
https://doi.org/10.1146/annurev.ecolsys.28.1.289
https://doi.org/10.1126/sciadv.1603198
https://doi.org/10.1126/sciadv.1603198
https://doi.org/10.1111/rec.12692
https://doi.org/10.1073/pnas.1820663116
https://doi.org/10.1073/pnas.1820663116
https://doi.org/10.1111/1755-0998.12694
https://doi.org/10.1111/1755-0998.12694
https://doi.org/10.1111/j.0014-3820.2001.tb00629.x
https://doi.org/10.1111/j.0014-3820.2001.tb00629.x
https://doi.org/10.1111/j.1365-294X.2010.04642.x
https://doi.org/10.1111/j.1365-294X.2010.04642.x
https://doi.org/10.1890/140275
https://doi.org/10.7923/TMCG-P106
https://doi.org/10.1111/ecog.03234
https://doi.org/10.1111/ecog.03234
https://doi.org/10.1017/S0016672300014634
https://doi.org/10.1017/S0016672300014634
https://doi.org/10.1098/rspb.2013.0305
https://doi.org/10.1111/j.1365-2486.2012.02700.x
https://doi.org/10.1111/j.1365-2486.2012.02700.x
https://doi.org/10.1007/s10592-005-8223-5
https://doi.org/10.1002/fee.2253
https://doi.org/10.1002/fee.2253
https://doi.org/10.1111/ele.12348
https://doi.org/10.1111/mec.13334
https://doi.org/10.1007/s10980-015-0269-2
https://doi.org/10.1007/s10980-015-0269-2
https://doi.org/10.1038/hdy.2014.25
https://doi.org/10.1111/cobi.12764
https://doi.org/10.1111/cobi.12764

SEABORN ET AL.

L.y

Walker, B., Holling, C. S., Carpenter, S. R., & Kinzig, A. (2004). Resilience,
adaptability and transformability in social-ecological systems.
Ecology and Society, 9(2). https://doi.org/10.5751/ES-00650-09
0205

Whitney, C. K., Bennett, N. J., Ban, N. C., Allison, E. H., Armitage, D.,
Blythe, J. L., Burt, J. M., Cheung, W., Finkbeiner, E. M., Kaplan-
Hallam, M., Perry, |, Turner, N. J., & Yumagulova, L. (2017). Adaptive
capacity: From assessment to action in coastal social-ecological
systems. Ecology and Society, 22(2). https://doi.org/10.5751/ES-
09325-220222

Wiens, J. J., & Graham, C. H. (2005). Niche conservatism: Integrating evo-
lution, ecology, and conservation biology. Annual Review of Ecology,
Evolution, and Systematics, 36, 519-539. https://doi.org/10.1146/
annurev.ecolsys.36.102803.095431

Willi, Y., Van Buskirk, J., & Hoffmann, A. A. (2006). Limits to the adaptive
potential of small populations. Annual Review of Ecology, Evolution,
and Systematics, 37, 433-458. https://doi.org/10.1146/annur
ev.ecolsys.37.091305.110145

Willis, S. G., Foden, W., Baker, D. J., Belle, E., Burgess, N. D., Carr, J. A.,
Doswald, N., Garcia, R. A., Hartley, A., Hof, C., Newbold, T., Rahbek,
C., Smith, R. J,, Visconti, P,, Young, B. E., & Butchart, S. H. M.
(2015). Integrating climate change vulnerability assessments from

species distribution models and trait-based approaches. Biological
Conservation, 190, 167-178. https://doi.org/10.1016/j.biocon.2015.
05.001

Young, A., Boyle, T., & Brown, T. (1996). The population genetic conse-
quences of habitat fragmentation for plants. Trends in Ecology &
Evolution, 11(10), 413-418. https://doi.org/10.1016/0169-5347(96)
10045-8

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Seaborn T, Griffith D, Kliskey A,
Caudill CC. Building a bridge between adaptive capacity and
adaptive potential to understand responses to environmental
change. Glob Change Biol. 2021;27:2656-2668. https://doi.
org/10.1111/gcb.15579



https://doi.org/10.5751/ES-00650-090205
https://doi.org/10.5751/ES-00650-090205
https://doi.org/10.5751/ES-09325-220222
https://doi.org/10.5751/ES-09325-220222
https://doi.org/10.1146/annurev.ecolsys.36.102803.095431
https://doi.org/10.1146/annurev.ecolsys.36.102803.095431
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1016/j.biocon.2015.05.001
https://doi.org/10.1016/j.biocon.2015.05.001
https://doi.org/10.1016/0169-5347(96)10045-8
https://doi.org/10.1016/0169-5347(96)10045-8
https://doi.org/10.1111/gcb.15579
https://doi.org/10.1111/gcb.15579

