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Abstract
Rapid environmental change makes adaptive potential—the capacity of populations to evolve genetically based changes in 
response to selection—more important than ever for long-term persistence of at-risk species. At the same time, advances 
in genomics provide unprecedented power to test for and quantify adaptive potential, enabling consideration of adaptive 
potential in estimates of extinction risk and laws protecting endangered species. The U.S. Endangered Species Act (ESA) 
is one of the most powerful environmental laws in the world, but so far, the full potential of genomics in ESA listing and 
recovery decisions has not been realized by the federal agencies responsible for implementing the ESA or by conservation 
geneticists. The goal of our paper is to chart a path forward for integrating genomics into ESA decision making to facilitate 
full consideration of adaptive potential in evaluating long-term risk of extinction. For policy makers, managers, and other 
conservation practitioners, we outline why adaptive potential is important for population persistence and what genomic tools 
are available for quantifying it. For conservation geneticists, we discuss how federal agencies can integrate information on the 
effect of adaptive potential on extinction risk—and the related uncertainty—into decisions, and suggest next steps for advanc-
ing understanding of the effect of adaptive potential on extinction risk. The mechanisms and consequences of adaptation are 
incredibly complex, and we may never have a complete understanding of adaptive potential for any organism. Nevertheless, 
we argue that the best available evidence regarding adaptive potential can now be incorporated by federal agencies into 
modeling and decision making processes, while at the same time conserving genome-wide variation and striving for a deeper 
understanding of adaptive potential and its effects on population persistence to improve decision making into the future.

Keywords  Adaptation · Genomics · U.S. Endangered Species Act · Conservation policy · Extinction risk

Introduction

The unprecedented rate of global environmental change 
means that many species and populations will have to adapt 
(see Box 1 for glossary of genetic terms in bold) to this 
change, or go extinct (Bell and Collins 2008; Hoffmann and 
Sgro 2011). The dramatic increase in human population 
size and associated rapid environmental change has been 
termed the “Great Acceleration” by the International Geo-
sphere–Biosphere Programme (Steffen et al. 2015). Human-
caused climate change, in particular, has already impacted 
biodiversity at all levels of biological organization and on 
every continent, including extinction of many species, with 
many more extinctions projected (Penuelas et al. 2013; 
Scheffers et al. 2016). Three primary mechanisms allow 
persistence in the face of this rapid environmental change: 
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dispersal, phenotypic plasticity, and genetically-based 
adaptation to changing conditions (Dawson et al. 2011; 
O’Connor et al. 2012; Nicotra et al. 2015). In addition, epi-
genetic variation may play a role in buffering populations 
from environmental change (Bernatchez 2016; Verhoeven 
et al. 2016). Thus, species with greater adaptive potential—
the capacity to evolve genetically-based changes in traits 
in response to changing environmental conditions—will be 
more resilient to climate and other environmental change.

Despite recognition of the critical importance of adaptive 
potential for persistence in the face of environmental change, 
it has been difficult or impossible to quantify for the vast 
majority of species. Adaptive potential is ultimately deter-
mined by the amount of additive genetic variation for adap-
tive traits within and among populations (see section below 
on “What determines adaptive potential of a species?”). 
Thus, genetic differences among individuals within popula-
tions, as well as genetic differences among populations, con-
tribute to the overall adaptive potential of a species. The tra-
ditional approach for quantifying additive genetic variation 
within populations is to estimate the proportion of variance 
in a trait that is heritable using controlled breeding (Falconer 
and MacKay 1996). The gold standard for testing for adap-
tive differences among populations is a reciprocal transplant 
experiment. In these experiments, individuals from two dif-
ferent populations are transplanted to the environment of 
the other population to test whether individuals have greater 
fitness in their native environment compared to the foreign 
environment, demonstrating local adaptation (Clausen et al. 
1948). Controlled breeding designs and reciprocal transplant 
experiments, however, are not feasible for most species of 
conservation concern, especially mobile or large endangered 
animals with small population sizes.

Fortuitously, the genomics revolution provides more 
power than ever to test for and quantify adaptation and 
adaptive potential to improve implementation of conserva-
tion policy (Black et al. 2001; Luikart et al. 2003; Beau-
mont and Balding 2004; Allendorf et al. 2010). For the 
first time, population genomics provides a means of test-
ing for adaptation in species for which controlled breeding 
and reciprocal transplant experiments are impractical or 
impossible. Population genomics is the use of genome-
wide data (e.g., single-nucleotide polymorphisms 
[SNPs]) at thousands to millions of loci across the genome 
of a sample of organisms to make inferences about micro-
evolutionary processes (gene flow, genetic drift, selec-
tion, and mutation; Black et al. 2001; Luikart et al. 2003). 
The field has been enabled by rapid advances in next-
generation sequencing (NGS) technology and computa-
tional power (Glenn 2011; Catchen et al. 2013; Hohenlohe 
et al. 2013). Due to the huge number of loci included in 
population genomic studies (typically thousands to hun-
dreds of thousands), various statistical approaches can be 

used to identify putatively adaptive loci (Beaumont and 
Balding 2004; Joost et al. 2007; Coop et al. 2010; Frichot 
et al. 2013; Forester et al. 2018). By contrast, traditional 
population genetic approaches, which use a much smaller 
number of loci (e.g., 10–20), have much less power to 
identify adaptive loci because they evaluate insufficient 
numbers of molecular markers.

In particular, genomics has tremendous potential to 
improve our ability to incorporate information on adaptive 
potential into laws protecting endangered species. Several 
countries have enacted such laws, including the Endangered 
Species Act in the United States (ESA; passed in 1973), 
the Biodiversity Law of Costa Rica (passed in 1992), the 
Endangered Species Protection Act of Australia (passed 
in 2002), Canada’s Species at Risk Act (passed in 2002), 
and the South African National Environmental Manage-
ment Biodiversity Act (passed in 2004; Waples et al. 2013). 
Here, we focus on application of genomics in listing and 
recovery decisions under the ESA as a case study of how 
information on adaptive potential inferred from genomics 
and other approaches can be integrated into risk assessments 
to improve implementation of endangered species laws. The 
ESA is one of the most powerful environmental laws in the 
world, providing the statutory basis for listing and legal pro-
tection of species and subspecific units determined to be 
threatened or endangered (Carroll et al. 1996; Waples et al. 
2013). Since the law was signed in 1973, 2318 species—
with ranges inside and outside the U.S.—have been listed 
as threatened or endangered, and 53 of these species have 
recovered to the point where they could be delisted (https​://
ecos.fws.gov/ecp0/repor​ts/delis​ting-repor​t), indicating it can 
be an effective law for improving the conservation status of 
at-risk species.

Many factors are considered in ESA listing and recovery 
decisions, including information on the capacity of species 
to adapt to cope with new environmental stressors (Carroll 
et al. 1996; Shaffer and Stein 2000; Vucetich et al. 2006; 
see Box 2). However, given the past difficulty of quantify-
ing adaptive potential, little information has typically been 
available for most species that are candidates for listing. 
Because genomics greatly increases the feasibility of char-
acterizing adaptive potential in non-model species, it can 
improve ESA listing and recovery decisions by allowing esti-
mation and integration of adaptive potential into models of 
extinction risk. Due to the nascency of genomics, it has had 
limited application to the ESA so far. Compared to evolu-
tion and ecology where the use of genomics is widespread, 
its application to conservation questions has lagged behind 
due to several previously discussed obstacles (Shafer et al. 
2015). However, this is changing rapidly as genomic tools 
are increasingly applied to conservation problems (Garner 
et al. 2016). Now is a critical time to determine how best to 

https://ecos.fws.gov/ecp0/reports/delisting-report
https://ecos.fws.gov/ecp0/reports/delisting-report


117Conservation Genetics (2019) 20:115–134	

1 3

use genomics to directly inform conservation policy, includ-
ing ESA decisions.

The goal of this paper is to provide guidance on how 
genomics can be integrated into ESA decision making to 
facilitate full consideration of adaptive potential in evaluat-
ing long-term extinction risk. This paper is geared towards 
both conservation practitioners (e.g., policy makers and 
managers) as well as conservation geneticists. For conser-
vation practitioners, our objectives are to explain: (1) what 
determines adaptive potential; (2) why adaptive potential is 
important to conservation; and (3) what genomic tools are 
available for quantifying adaptive potential. For conserva-
tion geneticists, our objectives are to: (1) explain how fed-
eral agencies make ESA listing and recovery decisions, and 
how information on adaptive potential can be incorporated 
into these decisions; (2) explain how these decisions can be 
made in the face of uncertainty about the effects of adaptive 
potential on extinction risk; and (3) suggest next steps for 
advancing understanding of the effect of adaptive potential 
on extinction risk. Although we focus on the ESA here, our 
discussion of ways to apply genomics to ESA decision mak-
ing should be applicable to similar laws in other countries.

Box 1 Glossary of genetic and evolutionary terms

Adapt

When a population adapts, it is showing a genetically-
based change in a trait in response to natural selection that 
increases fitness within the population. As used throughout 
this paper, an evolutionary process.

Adaptive loci

Regions of DNA that have been identified as under selec-
tion. These loci may be candidates when genetic markers 
are anonymous, or may be validated if they are linked to 
or inside a gene (identified by using an annotated reference 
genome or transcriptome).

Adaptive potential

The capacity to evolve genetically-based changes in traits in 
response to changing environmental conditions. Also known 
as “evolutionary potential”.

Additive genetic variation

The amount of the total genetic variation that responds to 
natural selection. The phenotypic similarity between parents 
and offspring is a product of additive genetic variation.

Allele

Alternative forms of a gene or molecular marker.

Divergent selection

When different alleles are favored in different environ-
ments at a genetic locus. Reduces genetic variation within 
populations and increases genetic divergence among 
populations.

Effective population size (Ne)

The size of an ideal population that would experience the 
same amount of genetic drift as in the focal population. 
Typically smaller than the census (observed) population 
size.

Epigenetics

Heritable changes in gene expression that do not involve 
changes in the DNA sequence. For example, environmen-
tally-induced variation in DNA methylation can cause dif-
ferential gene expression.

Evolutionary rescue

An increase in population growth and avoidance of extinc-
tion through adaptation from standing genetic variation, 
mutation, or gene flow.

Gene expression

The transcription of information encoded in a gene into a 
messenger RNA, which then is translated into a protein.

Gene flow

The movement of alleles among populations resulting 
from dispersal and successful reproduction. Increases 
genetic variation within populations and reduces genetic 
divergence among populations.

Genetic drift

Random changes in allele frequencies due to the finite 
sampling of alleles in each generation. Reduces genetic 
variation within populations and increases genetic diver-
gence among populations. Is more important in small 
populations than large populations.
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Genomic data

Any large set of molecular markers (e.g., hundreds to mil-
lions) that can be used to address questions related to neu-
tral and adaptive variation.

Genomics

Genotyping large sets of genetic markers to whole genome 
sequencing. In all cases the goal is to study the function 
and/or structure of these markers.

Heritability

Most commonly refers to the proportion of phenotypic 
variation among individuals that is due to additive genetic 
variation (also known as “narrow-sense heritability”). This 
form of heritability provides a measure of the evolvability 
of the trait. By contrast, “broad-sense heritability” is the 
proportion of phenotypic variation among individuals that 
is due to all genetic differences, including additive, domi-
nance, and epistatic genetic variation.

Inbreeding depression

A reduction in the fitness of offspring resulting from mat-
ings between closely related individuals.

Linkage disequilibrium (LD)

The non-random association of alleles at different loci. 
Influenced by many factors, including recombination, 
genetic drift, selection, and effective population size. LD 
is generally higher in populations with smaller effective 
sizes.

Locus

The location of a region of DNA on a chromosome. Plural 
is “loci.”

Markers

Genetic sequence information used to differentiate individu-
als, populations, and species. Examples include microsatel-
lites, single nucleotide polymorphisms, and DNA sequences.

Mutation

Change in the genetic sequence and the ultimate source of 
genetic variation. Variation generated by mutation is acted 

upon by genetic drift, gene flow, and selection to deter-
mine the genetic variation within and among populations.

Neutral processes

Microevolutionary processes that are neutral (i.e., without 
selection). Includes mutation, genetic drift, and gene flow.

Next‑generation sequencing (NGS)

Nucleotide sequencing technologies that produce millions 
of DNA or RNA sequence reads in a single run.

Phenotypic plasticity

The capacity of a single genotype to produce multiple phe-
notypes in response to different environmental conditions.

Population genetics

The use of a small set (tens) of molecular markers from a 
sample of organisms to make inferences about neutral micro-
evolutionary processes.

Population genomics

The use of a large set (thousands to millions) of genome-
wide molecular markers from a sample of organisms to make 
inferences about neutral and adaptive microevolutionary 
processes.

Selection

Differences in survival and reproduction of different geno-
types that result in differential contributions to subsequent 
generations.

Single nucleotide polymorphism (SNP)

A one base pair difference in DNA sequence between indi-
viduals in a population. A common molecular marker used 
in genomic studies.

Box 2 Adaptive potential and ESA listing 
and recovery decisions: history, present, and future

Until recently, adaptive potential was not explicitly con-
sidered in U.S. Endangered Species Act (ESA) listing and 
recovery decision making. Over the past several years, the 
U.S. Fish and Wildlife Service (USFWS) has included evalu-
ation of a species’ resiliency, redundancy, and representa-
tion in listing and recovery efforts (Shaffer and Stein 2000; 
USFWS 2016; Smith et al. 2018). Resiliency is the ability 
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to sustain populations in the face of environmental varia-
tion and stochasticity. Redundancy is the ability to withstand 
catastrophic events, protecting a species against unpredict-
able and highly consequential events for which adaptation 
is unlikely. Representation is the ability to adapt to chang-
ing environmental conditions; it is the species’ evolution-
ary capacity or flexibility. It is under this latter category 
that agency scientists have started to include assessments of 
adaptive potential.

For example, the 2017 listing of the rusty patched bum-
ble bee (Bombus affinis; Fig. 1) as endangered used a proxy 
for adaptive potential when evaluating this species’ repre-
sentation (USFWS 2017). Agency scientists assessed the 
past, present, and future occupancy of ecoregions (areas of 
unique climatic conditions) and found a decline from 15 to 
6 occupied ecoregions from historical to current time, with 
only two ecoregions remaining occupied under three future 
risk scenarios (Symanski et al. 2016a). This ongoing loss 
of ecological representation influenced the species listing 
decision, since these declines have “…greatly reduced the 
rusty patched bumble bee’s ability to adapt to changing envi-
ronmental conditions and to guard against further losses of 
adaptive diversity…” (USFWS 2017).

Another recent listing decision for the eastern massa-
sauga rattlesnake (Sistrurus catenatus; Fig. 1) used a similar 
approach, but incorporated a wider range of available infor-
mation, including ecological, phenotypic, and genetic data, 
to identify ecotypes that were representative of adaptive 
diversity (Symanski et al. 2016a, b; USFWS 2016). Drawing 
on published studies using microsatellite loci and mitochon-
drial DNA, agency scientists identified three distinct analysis 
units that represented the genetic and ecological diversity 
needed to maintain adaptive potential. Changes in the extent 
of occurrence within these units over time were then used to 
support a threatened listing status for this species, since “…
losses of geographical areas among and within the analysis 
units may equate to irreplaceable losses of adaptive diver-
sity…” (Symanski et al. 2016a, b).

These cases illustrate the effective use of proxies for 
adaptive potential, when direct evaluations are not avail-
able from genomic data. While genomic assessments of 
adaptive potential have not yet been used (to our knowl-
edge) in an ESA listing or recovery decision, these data 
are increasingly available in many species of conserva-
tion concern. For example, the Southwestern willow fly-
catcher (Empidonax traillii extimus; Fig. 1) was listed as 
endangered in 1995, prior to consideration of adaptive 
potential or representation (USFWS 1995). Even at the 
time of listing, there was debate about the validity of this 
subspecies classification, which has continued over the 
past 20 years (Zink 2015; Theimer et al. 2016). However, 
a recent genomic analysis of the willow flycatcher com-
plex has demonstrated the presence of local adaptation 
across the four subspecies related to temperature extremes 
(Ruegg et al. 2018), supporting the established subspe-
cies designations. In addition, based on adaptive geno-
type-environment relationships, this study found evidence 
that the Southwestern subspecies is at the greatest risk for 
climate-mediated extinction due to high levels of genomic 
vulnerability (a measure of the mismatch between adaptive 
genotypes and future environmental conditions). These 
data not only support ongoing recovery efforts, but also 
provide direction for targeted recovery work in populations 
with low genomic vulnerability, where the implementation 
of recovery actions is likely to be most effective (Ruegg 
et al. 2018).

These examples illustrate how adaptive potential is 
increasingly being recognized as an important factor to 
consider when evaluating a species’ extinction risk and 
capacity for recovery. Genomic data can play an impor-
tant role in these efforts by allowing adaptive potential to 
be quantified. With the increasing application of genomic 
methods to species of conservation concern, we expect an 
increase in the use of genomics-informed assessments of 
adaptive potential in listing and recovery decisions.

Fig. 1   Rusty patched bumblebee (Bombus affinis; photo credit: Johanna James-Heinz), eastern massasauga rattlesnake (Sistrurus catenatus; 
photo credit: Nick Cairns), and willow flycatcher (Empidonax traillii; photo credit: Kelly Colgan Azar)
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Adaptation and conservation

What determines adaptive potential of a species?

Adaptation is genetically-based change in traits that 
increases fitness. Adaptation results from selection on 
heritable phenotypic variation. The rate of adaptation in a 
given trait is proportional to the amount of additive genetic 
variation underlying that trait (Falconer and Mackay 
1996). The adaptive potential of a species is determined by 
the amount of additive genetic variation within and among 
populations in fitness-related traits (Fig. 2). The ultimate 
source of all genetic variation is mutation (Dobzhansky 
and Wright 1941). Genetic drift, gene flow, and selec-
tion then act on variation generated by mutation to struc-
ture variation within and among populations. Genetic 
drift—random changes in allele frequencies due to the 
finite number of alleles passed on to the next generation—
causes a reduction in genetic variation within populations 
and divergence in allele frequencies among populations. 
The effective size of a population (Ne), which is typi-
cally smaller than the observed number of individuals in 
a population, determines the rate of genetic drift (Wright 
1938; Kimura and Crow 1963). Isolated populations with 
smaller Ne have more genetic drift and less adaptive poten-
tial. Gene flow is the movement of alleles among popula-
tions caused by dispersal and reproduction (Wright 1943; 
Slatkin 1987). Gene flow is predicted to cause an increase 
in genetic variation within populations, but a reduction 
in genetic divergence among populations. Finally, selec-
tion is caused by differences in fitness among genotypes 
(Fisher 1930; Haldane 1930; Wright 1931). Depending on 
the form of selection, it can decrease or increase genetic 
variation within and among populations. Divergent selec-
tion occurs when different alleles are favored in different 
environments at a given locus, and results in a reduction 
in within-population genetic variation and an increase in 
genetic differences among populations at the loci under 
selection. Ultimately, to conserve adaptive potential, it is 
necessary to conserve multiple large populations with min-
imal genetic drift, and allow gene flow among these popu-
lations so that they can exchange adaptive variants (Garant 
et al. 2007; Allendorf et al. 2013). In species or conserva-
tion units that exist as single populations, management 
should be focused on reducing threats and maximizing 
population size to minimize the probability of extinction.

Why is adaptation relevant to conservation?

Population genetic theory predicts that maintenance of 
additive genetic variation, the source of adaptive potential, 

is important for long term persistence (Burger and Lynch 
1995). One well-known guideline for avoiding inbreed-
ing depression and maintaining additive genetic varia-
tion is the “50/500 rule” (Franklin 1980). It states that a 

Fig. 2   Potential distribution of adaptive potential within and among 
populations, and genomic approaches for characterizing adaptive 
potential under these different scenarios. Although heat tolerance is 
most likely a polygenic trait, here, we show a single locus contrib-
uting to heat tolerance for the sake of simplicity. Each two-letter 
genotype represents a single diploid individual.  If, for example, hot 
(denoted by h) and cold (denoted by c) tolerant alleles are segregating 
at a given locus within a population, then adaptive potential for heat 
tolerance allows the evolution of this trait within this population (a). 
In this case, genomic approaches could be used to estimate the herit-
ability of heat tolerance or to identify loci underlying heat tolerance 
using a genome-wide association study (GWAS). Alternatively, if 
two different populations are fixed for alternative alleles at this locus 
due to strong divergent selection in hot (red) vs. cold (blue) environ-
ments, then there is no adaptive potential within populations, but 
there is adaptive potential in the entire metapopulation or species as a 
whole (b). In this case, heat tolerance could evolve in the population 
fixed for the c allele as long as immigration (natural or mediated by 
humans) into this population from the population fixed for the h allele 
occurs. Here, genomics could be used to test for loci with signatures 
of divergent selection and adaptive divergence using FST outlier tests. 
Finally, if a continuously distributed species is locally adapted to a 
climatic gradient, then an allele frequency cline should evolve at loci 
underlying thermal tolerance (c). In this case, genotype-by-environ-
ment associations (GEA) can be used to identify loci that are puta-
tively involved in adaptation along this climatic gradient. (Color fig-
ure online)
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minimum Ne of 50 is needed to avoid significant inbreed-
ing depression over the short-term, and a minimum Ne of 
500 is needed to maintain adaptive potential over the long-
term. This rule of thumb has been the subject of much 
debate (Jamieson and Allendorf 2012, 2013; Frankham 
et al. 2013), but the general idea that large Ne is needed to 
maintain adaptive potential, especially with rapid environ-
mental change, is well accepted (Bell and Collins 2008; 
Hoffmann et al. 2017).

Some of the best evidence for the importance of adap-
tive potential in conservation comes from controlled labora-
tory experiments in model species. For example, Frankham 
et al. (1999, 2002) have demonstrated that small laboratory 
populations of Drosophila melanogaster are unable to evolve 
and persist in response to stressful environmental conditions. 
Populations that went through extreme bottlenecks of two 
individuals for one to three generations went extinct in high 
salt environments more frequently than outbred control pop-
ulations (Frankham et al. 1999). Similarly, populations with 
low genetic variation maintained for 50 generations went 
extinct more often than populations with higher genetic vari-
ation (Frankham et al. 2002). Controlled laboratory experi-
ments in flower beetles (Tribolium castaneum) yield similar 
results. Agashe et al. (2011) found that genetically diverse 
wheat-adapted flour beetle populations exposed to a novel 
suboptimal corn resource were less likely to go extinct than 
genetically depauperate populations. Moreover, genetically 
diverse populations recovered more quickly. Thus, labora-
tory studies support theoretical expectations that populations 
with more genetic variation are more likely to adapt and 
persist in novel stressful environments.

We also know that some populations have evolved in 
response to rapid environmental change (Hoffmann and 
Sgro 2011; Hansen et al. 2012; Penuelas et al. 2013; Schef-
fers et al. 2016; Cattau et al. 2017). Kovach et al. (2012) 
found evidence for the evolution of earlier run timing in 
a population of pink salmon (Oncorhynchus gorbuscha) in 
Auke Creek, Alaska. Late-migration phenotypes decreased 
from 30% to less than 10% in this population over a 40-year 
period during which temperatures in Auke Creek increased 
significantly. Moreover, a genetic marker for late migration 
timing decreased threefold during the same timeframe. In 
another example, Franks et al. (2016) found rapidly evolved 
changes in multiple phenotypic traits, including flowering 
time, in Brassica rapa in response to a multiyear drought 
in California. By comparing genome-wide differences 
between individuals sampled before vs. after the drought, 
they uncovered shifts in allele frequencies in many genes, 
some of which are related to drought stress and flowering 
time. These and many other examples demonstrate that 
rapid environmental change has already resulted in evolved 
adaptations (Hoffmann and Sgro 2011; Savage and Zamudio 

2011; Hansen et al. 2012; Bataille et al. 2015; Scheffers et al. 
2016; Cattau et al. 2017).

In contrast, other populations lack adaptive potential or 
have failed to evolve in response to environmental change. 
An example of the lack of adaptive potential comes from 
the intertidal copepod, Tigriopus californicus (Kelly et al. 
2012). This species is highly adapted to local temperatures 
across a latitudinal gradient of 17° along the Pacific coast of 
North America. Less than one percent of quantitative vari-
ance in thermal tolerance is partitioned within populations; 
most variance in this trait is due to differences among popu-
lations. Moreover, heat tolerant phenotypes observed in low 
latitude populations did not evolve in high latitude popula-
tions after 10 generations of strong selection, indicating a 
lack of adaptive potential within populations. In chinook 
salmon (Oncorhynchus tshawytscha), Muñoz et al. (2015) 
found a lack of additive genetic variation for arrhythmic tem-
perature of the heart, which constrains the thermal limit to a 
maximum of 24.5 °C. Based on projected increases in river 
temperatures, the authors estimated a 17% chance of cata-
strophic population decline by 2100, assuming behavioral 
and phenological changes do not buffer the population from 
increasing temperature. These examples suggest that many 
populations will likely lack sufficient additive genetic vari-
ation to adapt quickly enough to the pace of climate change, 
at least without aggressive between-population translocation 
efforts. Moreover, we know based on theory and lab studies, 
such as those described above, that reduction in population 
sizes and isolation caused by habitat loss, fragmentation, 
and other anthropogenic stressors will reduce the capacity of 
populations to adapt in response to climate or other environ-
mental change. Thus, we need to be particularly cognizant 
of the erosion of adaptive potential for at-risk species with 
small population sizes. To determine the adaptive potential 
of a species, we first need to quantify heritable variation 
within populations and adaptive differences among them 
(Fig. 2).

Quantifying adaptive potential

Traditional approaches for quantifying adaptive 
potential

Within a population, adaptive potential for a given trait is 
determined by the heritability of that trait. Heritability can 
be thought of as the proportion of variance in a trait that is 
caused by genetic factors. The greater the heritability of a 
trait, the more it will evolve across generations in response 
to selection. In contrast, if heritability of a trait is zero, then 
that trait cannot evolve in response to selection. Tradition-
ally, heritability is estimated using methods that rely on 
controlled breeding experiments, so that the identities of 
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parents and offspring are known. For example, heritability 
can be estimated as the regression coefficient in a regression 
of family means against midparent values (the average trait 
value of both parents) for a given trait (Falconer and Mackay 
1996). In addition to controlled breeding, these experiments 
often used controlled laboratory conditions (often termed 
a “common garden,” as early studies of heritability were 
typically done on plants) to control for the influence of the 
environment on phenotypic variation, making them difficult 
or impossible to implement in many species (Table 1).

Adaptive differences among populations can also increase 
the adaptive potential of a species. This is why several 
authors have emphasized the importance of delineating and 
maintaining adaptively divergent populations for long-term 
persistence of species (Ryder 1986; Waples 1991; Crandall 
et al. 2000; Fraser and Bernatchez 2001; Funk et al. 2012). 
Even when a trait is not heritable within populations, the 
trait can evolve if genetic differences among populations 
in that trait are moved among populations via gene flow 
(Fig. 2). Thus, it is important to quantify adaptive differ-
ences among populations in addition to heritable variation 
within populations. Three main lines of evidence are tradi-
tionally used to demonstrate adaptive differentiation among 
populations (Table 1). First, environmental differentiation 
that is accompanied by phenotypic divergence across sites or 
populations can provide support for local adaptation (Han-
son et al. 2017). For example, tortoise populations in the 
Galapagos Archipelago can be found in two habitat types: 
mesic and xeric. Tortoises in mesic habitats have a dome-
shaped shell, while tortoises in xeric habitats have a saddle-
back-shaped shell, indicating that tortoises may be locally 
adapted (Fritts 1984). This hypothesis is supported by data 
indicating that competition for resources is more intense and 
agonistic behaviors more common in xeric habitats, where 
the saddleback phenotype is at a competitive advantage 
(Fritts 1984). Saddleback tortoises have longer necks and 
forelimbs, and a carapace shape that allows for higher verti-
cal reach, characteristics that increase both vertical feeding 
range and dominance during agonistic encounters.

The second traditional line of evidence for adaptive dif-
ferences among populations comes from common garden 
experiments (Claussen et  al. 1948; McKay et  al. 2001; 
Thorpe et al. 2005). While environmental and phenotypic 
differences among populations can be useful for hypothesis 
generation, inferences based on these patterns alone can be 
confounded by phenotypic plasticity, which is the capac-
ity of a single genotype to produce multiple phenotypes in 
response to different environmental conditions. A common 
garden experiment can be used to test whether phenotypic 
variation is genetically determined or due to plasticity. If 
phenotypic differences between individuals from different 
environments are maintained when they are reared in a com-
mon environment, it indicates the phenotype is genetically 

based, rather than plastic. Most variation in traits is due to a 
combination of genetic variation and plasticity.

The third traditional line of evidence for adaptive dif-
ferences among populations comes from reciprocal trans-
plant experiments (Berven 1982; Nagy and Rice 1997; 
Sork 2018). In these experiments, individuals are swapped 
between two different environments to test whether individu-
als are adapted to their local environment. If individuals do 
better in their native environment compared to the foreign 
environment, this suggests they are locally adapted to their 
native environment. However, in addition to being difficult 
or impossible to implement for many at-risk species, the use 
of controlled breeding and reciprocal transplant experiments 
to gauge overall adaptive potential within and between popu-
lations can be problematic (Hendry et al. 2011; Hoffmann 
et al. 2017). In particular, results of these experiments are 
only relevant to the trait, environment, and population that 
is studied, and can overestimate or underestimate adaptive 
potential (Harrisson et al. 2014).

Research on the threatened Italian agile frog (Rana 
latastei) provides an example of a combined, non-genomic 
(traditional) approach to testing for local adaptation and 
quantifying adaptive potential. This species shows differ-
ences in larval growth over short geographic distances as 
a function of temperature: tadpoles in colder environments 
take approximately 1 month longer for metamorphosis com-
pared to tadpoles in warmer environments, which led Fice-
tola and De Bernardi (2005) to hypothesize that these frogs 
are adapted to their local temperature regime. Interestingly, 
a common garden experiment confirmed a genetically based 
difference in developmental rates among these populations, 
but in the opposite direction to that observed in the wild. 
Cold-adapted tadpoles developed faster than warm-adapted 
tadpoles held at the same temperature. This indicates selec-
tion for faster development in cold climates, despite slower 
growth in the field (Ficetola and De Bernardi 2005). These 
results were used to provide support for in situ conservation 
of cold-adapted populations, rather than transferring indi-
viduals between cold and warm populations, which could 
potentially disrupt local adaptation (Ficetola and De Ber-
nardi 2005).

Genomic approaches for quantifying adaptive 
potential

While traditional methods for investigating adaptive 
potential can be useful in certain species, the necessity of 
controlled breeding and experiments means they will not 
be applicable for most at-risk populations and species. 
Fortunately, technological advances in next-generation 
sequencing provide novel opportunities to estimate adap-
tive potential in wild populations, providing stronger evi-
dence than simple correlative approaches and avoiding the 
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need for manipulative experiments (Table 1). Cost-effective 
genomic sequencing methods can be used in any species, 
even in cases where no prior genomic information is avail-
able (Andrews et al. 2016). These sequencing approaches 
produce large genomic datasets, for example, genotypes at 
thousands of SNPs for hundreds of individuals (Lowry et al. 
2016; McKinney et al. 2017; Catchen et al. 2017). These 
genomic data can then be used in downstream analyses to 
estimate adaptive potential within and among populations. 
While many of these methods do not require a reference 
genome (i.e., an assembled genome), a high-quality genome 
assembly and subsequent gene annotation can improve both 
data quality (e.g., genotyping accuracy) and downstream 
inferences, such as the identification of candidate genes 
and calculation of linkage disequilibrium as a function of 
physical distance (Davey et al. 2011; Manel et al. 2016).

Within populations, genomic data can facilitate the esti-
mation of adaptive potential by allowing for pedigree-free 
estimation of heritability, eliminating the need for controlled 
breeding or long-term field-based data collection. Instead, 
genomic data can be used directly to estimate the related-
ness among all pairs of individuals in a focal population 
(Gienapp et al. 2017). Heritability is then estimated by test-
ing the relationship between trait similarity and relatedness 
among individuals (Visscher et al. 2008; Sillanpää 2011). 
Sampling requirements can be high for these studies (e.g., 
150–200 individuals and ~ 25,000 SNPs; Stanton-Geddes 
et al. 2013), and can be difficult to generalize since the 
number of individuals and markers needed can vary across 
species and populations due to differences in effective pop-
ulation sizes and linkage disequilibrium. However, since 
many species of conservation concern have small effective 
sizes, they can be good candidates for genomic-based her-
itability studies since the estimation error for heritability 
is proportional to the effective size (Visscher and Goddard 
2015), and increased linkage disequilibrium among loci will 
reduce the number of SNPs required for robust estimates. 
For example, a recent study estimated heritability for four 
quantitative (continuously varying) traits in Corsican blue 
tits (Cyanistes caeruleus ogliastrae) using both genomic and 
pedigree-based approaches (Perrier et al. 2018). The authors 
found that 15,000 SNPs genotyped across 494 individuals 
was sufficient to match or surpass the accuracy of heritabil-
ity estimates provided by a 7-year pedigree-based study of 
> 1600 individuals.

Genomic data can also be used within populations to 
identify the specific loci that underlie variation in fitness-
related traits using genome-wide association studies 
(GWAS; Korte and Farlow 2013). Similar to heritability, 
GWAS generally requires large sample sizes (e.g. Hong 
and Park 2012), including the measurement of fitness-
relevant traits in many individuals and dense genomic 
sampling (many genetic markers [e.g., SNP loci] across 

the genome so that most genes are physically linked to at 
least one marker). Again, GWAS in populations with small 
effective sizes will have the advantage of increased linkage 
disequilibrium, which will reduce the number of mark-
ers required to sample the genome effectively (McKinney 
et al. 2017). For example, Hess et al. (2016) used univari-
ate and multivariate GWAS analyses to identify the genetic 
basis of the adult migration-timing phenotype in threat-
ened Klickitat River steelhead (Oncorhynchus mykiss), 
part of the Middle Columbia River steelhead distinct 
population segment. Using a genomic data set of 15,239 
SNPs genotyped in 237 individuals, this study identified 
18 SNPs that explained ~ 60% of the variation in the adult 
migration-timing phenotype, information that can be used 
to inform conservation at pre-adult life stages and better 
assign adults to summer or winter-run phenotypes. In a 
similar study, Prince et al. (2017) used association map-
ping to determine the genetic basis of premature migra-
tion. They found that premature migration is associated 
with the same locus in multiple populations of steelhead 
and Chinook salmon (O. tshawytscha).

Estimating heritability and identifying loci that underlie 
trait variation using GWAS both require choosing the trait 
or traits to analyze. Given that adaptation to changing envi-
ronmental conditions will likely involve many traits, a well-
grounded understanding of the biology and natural history 
of the study species is essential to predict which traits will 
have the most important effects on fitness and population 
persistence in the face of environmental change and that 
should therefore be the focus of efforts to quantify adaptive 
potential. Researchers must also acknowledge uncertainty 
regarding which traits will be most important, and should 
include this uncertainty in models of extinction risk (see 
“Incorporating adaptive potential into Endangered Species 
Act decisions in the face of uncertainty” below).

Genomic data can also inform estimates of among-pop-
ulation adaptive potential. For these analyses, presumably 
adaptive loci with genetic signatures of divergent selection 
are identified, and then these loci are used to quantify adap-
tive potential (e.g., Bonin et al. 2007). Major approaches for 
identifying candidate adaptive loci include differentiation-
based methods, genotype-environment associations, and 
transcriptomics (Table 1). Differentiation-based methods 
detect adaptive markers by distinguishing locus-specific 
patterns (caused by selection) from genome-wide patterns 
(caused by neutral processes such as genetic drift and 
gene flow; Luikart et al. 2003). These methods only require 
genomic data (they do not use environmental or phenotypic 
data) and are useful for detecting strong selection between 
populations, but do not uncover the potential environmen-
tal drivers of adaptation and are generally less useful for 
detecting contemporary selection (de Villemereuil et al. 
2014). Additionally, these methods are typically dependent 
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on theoretical population genetic models, which are violated 
in many empirical systems (Bierne et al. 2013).

Genotype-environment association (GEA) methods pro-
vide an alternative that does not require population genetic 
models and can be used with individual or population-based 
sampling designs. GEAs identify adaptive variation using 
associations between allele distributions and environmen-
tal variables hypothesized to drive selection, identified as 
a pattern of selected alleles at higher frequency in certain 
environments. The inclusion of environmental predictors 
improves power over differentiation-based methods, allows 
better detection of signals of contemporary selection, and 
identifies the environmental factor(s) underlying adaptation 
(Rellstab et al. 2015; Forester et al. 2018). When phenotypic 
data are available across multiple populations in different 
home environments, GEA can be combined with GWAS 
to link loci under selection to phenotypes, improve power 
to detect adaptive loci, and further strengthen inference of 
local adaptation (Berg and Coop 2014; Lasky et al. 2015). 
Although differentiation-based methods, GEA, and GWAS 
can identify different adaptive loci, the results of these dif-
ferent statistical tests can be combined in a common frame-
work to increase power to infer patterns of local adaptation 
(François et al. 2016).

Finally, transcriptomics is another method of genomic 
data acquisition that quantifies gene expression in response 
to the environment and its effect on phenotypes (Alvarez 
et al. 2015). While this can be a more efficient means of 
surveying adaptive variation, since all RNA transcripts are 
by definition functional, transcriptomics is not easily applied 
in wild populations or at-risk species. Tissue requirements 
are more stringent than for genomic sequencing methods, 
and often require destructive sampling, for example to access 
internal organs. Additionally, robust transcriptomic studies 
require controlled, experimental treatments to reduce envi-
ronmental effects and high-quality gene annotations so the 
function of transcripts is known. This limits the utility of 
field-based transcriptomic studies, which require careful 
design and execution since gene expression is highly sensi-
tive to environmental conditions (Todd et al. 2016). Cur-
rently, field-based transcriptomic studies are most valuable 
for generating hypotheses for future research, limiting their 
utility for estimating adaptive potential in wild populations 
of at-risk species. Despite these limitations, field-based tran-
scriptomic studies can be used effectively in species with 
adequate genomic resources to address conservation-rele-
vant questions. For example, Thomas and Palumbi (2017) 
used temporal transcriptomic sampling of a reef-building 
coral (Acropora hyacinthus, which has extensive genomic 
resources available) subjected to a bleaching event to docu-
ment long-term (> 12 month) disruption of the coral tran-
scriptome despite the apparent recovery of the coral symbi-
ont population. These lasting effects on species long after the 

return of normal environmental conditions has implications 
for ecosystem resiliency in the face of increasing extreme 
environmental events associated with climate change. In 
summary, despite the limitations of individual genomic 
methods, when combined, these methods finally allow the 
possibility of quantifying adaptive potential in species of 
conservation concern, providing the exciting opportunity 
of integrating this information into ESA decision making.

Endangered Species Act decisions 
and adaptive potential

How are Endangered Species Act listing 
and recovery decisions made?

Decision makers at the U.S. Fish and Wildlife Service 
(USFWS) and the National Marine Fisheries Service 
(NMFS), the two agencies responsible for administering 
the U.S. Endangered Species Act (ESA 1973, as amended), 
make decisions using the most up-to-date scientific infor-
mation to evaluate extinction risk to species and consider 
that evaluation within the context of society’s willingness to 
tolerate risks (Doremus 1997; Waples et al. 2013). They face 
the difficult task of balancing species protection against the 
burden of regulations. For these decision makers, address-
ing the values of diverse stakeholders can be an uphill bat-
tle (Rohlf 1991; Ruhl 2004). In this section, we outline the 
important listing and recovery decisions faced by the con-
servation practitioners responsible for administering the 
ESA. Figure 3 details the steps involved in both listing and 
recovery decisions.

A species can be listed as either an endangered or threat-
ened species under the ESA depending on the degree of 
threat it faces (ESA 1973, Sect. 3, 4a). An endangered spe-
cies is one that is in danger of extinction throughout all or 
a significant portion of its range. A threatened species is 
one that is likely to become endangered in the foreseeable 
future throughout all or a significant portion of its range. 
Thus, ultimately, the decision to list a species is based on its 
extinction risk. The ESA defines species broadly to include 
species, subspecies, varieties, and, for vertebrates, distinct 
population segments (DPS), defined as a population or group 
of populations that is discrete and significant in relation to 
the entire species. The USFWS and NMFS rely increas-
ingly on genetics in defining species (USFWS and NMFS 
1996). Accordingly, scientists’ conclusions about whether 
populations are genetically distinct have become extremely 
important in decision making (Brosi and Biber 2009). How-
ever, debate continues about how best to use increasingly 
detailed genomic information to identify species and how to 
determine if the entity meets the definition of threatened or 
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endangered (e.g., Haig and D’Elia 2010; Regan et al. 2013; 
Keith et al. 2015; Boyd et al. 2017).

The ESA’s ultimate goal is to recover species so they 
no longer need protection under the ESA. Recovery plans 
describe the biological state at which protection is no longer 
needed, called recovery criteria, and the recommended steps 
to get there (Taylor et al. 2005; Neel et al. 2012). The ESA 
stipulates that recovery criteria be measurable and objective 
and that listing and delisting decisions be based on the best 
science. Both requirements inject a primary role for science, 
although how recovery criteria are set is not defined in the 
ESA (Doak et al. 2015). Defining recovery units, manage-
ment sub-units of the listed entity, is optional, but, where 
used, sub-units should collectively encompass the entire 
listed entity and should each have recovery criteria (NMFS 
and USFWS 2010). Every recovery unit must be recovered 
before the species can be delisted.

Recovery is not likely to be a fast process; it takes time 
to address threats that were years in the making. The first 
milestone in recovery is halting the decline of the species. 
Next is stabilizing the species, followed by increasing num-
bers and distribution—finally to the point that it is secure in 
the wild and the intent of the recovery criteria is met. If the 
threats have been sufficiently reduced, delisting the species 
may be considered. The analysis to determine if a species no 
longer meets the definition of threatened or endangered is 
analogous to the status assessment the USFWS and NMFS 
undertake when first determining whether a species should 
be added to the endangered species list. The ESA requires 
monitoring of delisted species for at least 5 years to assess 
their ability to sustain themselves without the protective 
measures of the ESA. If threats to the species change or 
unforeseen events change the stability of the population, 
USFWS or NMFS may extend the monitoring period or re-
list the species.

Fig. 3   Flow chart showing steps involved in U.S. Endangered Species 
Act (ESA) listing decisions (yellow boxes) and recovery decisions 
(orange boxes). Blue boxes show possible outcomes of listing deci-
sions. Green boxes show examples of ways in which information on 
adaptive potential (based on genomics and other data) and other infer-
ences from genomics can inform different steps of listing and recov-

ery decision workflows. In this paper, we focus on how information 
on adaptive potential can be incorporated into models of extinction 
risk to improve ESA listing and recovery decisions (shown in bold 
red font). See text for details on how genomics and other approaches 
can be used to infer adaptive potential and how uncertainty in these 
inferences can be included in decision making. (Color figure online)
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ESA biologists and decision makers, scientists, and other 
stakeholders often express concern about insufficient infor-
mation for a particular ESA decision. Indeed, perfect infor-
mation might lead to different, even better decisions, but the 
ESA has a strict policy on the luxury of perfect information. 
The ESA makes it clear that listing decisions are to be based 
on the “…best available scientific and commercial informa-
tion…” (italics ours) (ESA 1973, Sect. 4b). Several statu-
tory deadlines assure that ESA decisions are not postponed 
in favor of additional research. In particular, the 12-month 
finding, which is the bulk of the status assessment, dictates 
that USFWS and NMFS have 1 year to make their listing 
determinations. Thus, ESA decision makers almost always 
find themselves in the position of making tough decisions 
under high uncertainty. Given these rigid legal constraints, 
conservation geneticists need to understand how information 
on adaptive potential can improve ESA decision making so 
that they know what information is most important to pro-
vide to USFWS and NMFS decision makers.

How can information on adaptive potential improve 
Endangered Species Act decisions?

Incorporating information on adaptive potential into mod-
els of extinction risk can improve ESA listing and recovery 
decisions by increasing the accuracy of these models. On 
the one hand, if models do not allow for the possibility of 
adaptation in response to novel environmental stressors, then 
extinction estimates might be biased high, which could result 
in ESA listing of a species that actually has the capacity to 
evolve and persist in the face of environmental change. On 
the other hand, if the possibility that threats (e.g., habitat 
loss, invasive species, overexploitation, etc.) have decreased 
or are decreasing adaptive potential is not considered, then 
extinction estimates may be biased low, resulting in not list-
ing a species for which listing is warranted. In the context 
of recovery decisions, an understanding of how to exploit 
available adaptive potential, or be conservative in the face of 
a lack of adaptive potential, could be beneficial in choosing 
optimal actions. Since ESA decisions are ultimately based on 
extinction risk, the quantification of adaptive potential with 
genomics—so that this information can be incorporated into 
models that predict extinction risk—is arguably the most 
important application of genomics in ESA decision making. 
Genomics has numerous other important applications in the 
ESA listing and recovery workflow, including delineating 
conservation units (Funk et al. 2012), inferring evolution-
ary history (Lemmon et al. 2012), quantifying hybridization 
(Payseur and Rieseberg 2016), and estimating Ne and gene 
flow (Waples et al. 2016; Fig. 3). However, as these applica-
tions of genomics to conservation policy have already been 
discussed in detail elsewhere, here we focus on discussing 
how incorporating information on adaptive potential, based 

on genomics and other approaches, can improve estimates 
of extinction risk and, therefore, ESA listing and recovery 
decision making.

In the context of ESA listing decisions, models can be 
developed to investigate how adaptive responses in specific 
traits may allow species to avoid extinction under rapid 
environmental change. A recent example in a population 
of sockeye salmon (Oncorhynchus nerka) from the Fraser 
River, Canada, used empirical data to parameterize an indi-
vidual-based model to determine how evolution of migration 
timing impacted species persistence under a range of climate 
change projections (Reed et al. 2011). They found that, with 
evolution of earlier migration timing, the risk of extinction 
by 2100 was predicted to be only 17% of that faced by the 
population with no adaptive potential. This scenario simu-
lated a heritability of 0.5 for migration timing and a 2 °C 
increase during this time frame (resulting in a 9% and 53% 
probability of extinction with vs. without adaptive potential, 
respectively). The authors concluded that the rates of evolu-
tion included in their models are plausible given estimated 
heritabilities and rates of microevolution in migration timing 
in salmon. A similar modeling approach could be used to 
assess the effect of adaptive potential on extinction risk in 
species status assessments of ESA candidate species.

Models have also been used to predict how gene flow of 
adaptive alleles among populations could improve adaptive 
potential and mitigate extinction in entire metapopulations or 
species. Creech et al. (2017) used simulations to investigate 
the spread of adaptive genotypes in desert bighorn sheep 
(Ovis canadensis nelsoni), a habitat specialist threatened by 
habitat loss and fragmentation due to climate change and 
other anthropogenic effects. They found that adaptation from 
standing genetic variation already present within populations 
had a much higher chance of spread and likelihood of persis-
tence than adaptive variation arising from a new mutation, 
especially when landscapes were more highly connected. 
These results highlighted the importance of retaining high 
levels of genetic variation within populations, while main-
taining the metapopulation structure that is characteristic of 
the subspecies across its range. Metapopulation models such 
as this and others (Converse et al. 2017) provide a means of 
assessing how spatial variation in adaptive alleles can influ-
ence extinction risk in an entire species, subspecies, or DPS.

If the listing process identifies a species as threatened or 
endangered, genomic data related to adaptive potential can 
inform specific recovery actions that mitigate extinction risk 
through the directional movement of “pre-adapted” individ-
uals between populations to facilitate adaptation to changing 
conditions (Aitken and Whitlock 2013). This action, called 
assisted gene flow, has been advocated for long-lived, ses-
sile species such as trees (e.g., Steane et al. 2014), and spe-
cies that have a limited ability to track climate conditions 
to which they are adapted (Sgro et al. 2011). While such 
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interventions include risks, for many populations and spe-
cies that either lack the capacity for long-distance move-
ment or have no available suitable habitats to disperse into, 
introduction of adaptive genetic variation may be the only 
possible path to persistence. In these cases, consideration 
of potentially far-reaching benefits and careful evaluation 
to minimize the risks of assisted gene flow can provide an 
important option for the management of vulnerable popula-
tions (Weeks et al. 2011; Aitken and Whitlock 2013). Thus, 
despite uncertainty, information on adaptive potential based 
on genomics and other sources can help inform ESA listing 
and recovery decisions.

Incorporating adaptive potential into Endangered 
Species Act decisions in the face of uncertainty

Decisions about endangered species management always 
will be made in the face of uncertainty, making recognition 
and quantification of uncertainty associated with informa-
tion used in decision making as important as the information 
itself (Runge et al. 2011). However, uncertainty need not be 
paralyzing. Although the best available information may not 
be perfect, it can only lead to poor decision making if uncer-
tainty associated with it is not recognized. Decision analysis 
is the application of decision science to render decisions 
that are more likely to achieve management objectives, are 
more robust to uncertainty, and are more transparent to those 
outside the decision-making process (Keeney 1992; Gregory 
et al. 2012; Converse et al. 2013; Garrard et al. 2017). All 
decisions are composed of a consistent set of components 
including: the decision to be made, the management objec-
tives of the decision maker, the alternative management 
actions under consideration, models designed to predict the 
consequences of each alternative on the management objec-
tives, and some approach to solving the decision (frequently 
known as optimization). In decision analysis, we break the 
decision into these components to identify and tackle imped-
iments to the decision.

Decision making under uncertainty is the impetus for a 
large set of methods in decision analysis. General approaches 
to dealing with uncertainty in decision making include: (1) 
characterizing uncertainty and deciding in the face of that 
uncertainty; (2) characterizing uncertainty and choosing to 
delay a decision while further information is gathered; or 
(3) characterizing uncertainty and choosing to decide while 
simultaneously learning. The last of these can only occur for 
iterated decisions, and is known as adaptive management 
(Walters 1986; Williams et al. 2007; Runge 2011).

In the context of this paper, we are interested in deci-
sions—either listing or recovery decisions—to maximize the 
long-term viability of some taxon. To predict viability, we 
may need to predict how adaptive potential affects extinction 
risk. Including information on adaptive potential will require 

recognizing the substantial uncertainty around it, although 
ignoring it has the potential to introduce bias and under-
represent uncertainty.

With listing decisions, we are interested in whether the 
adaptive potential of the species could change extinction 
risk. Based on observed survival and birth rates, we can pre-
dict probability of persistence as well as uncertainty around 
that prediction, and a manager can decide based on that 
information. However, if we consider that survival or birth 
rates might improve due to adaptation, our predicted proba-
bility of persistence will increase, while our uncertainty will 
now reflect uncertainty about the degree to which adaptation 
might increase these rates. As discussed above (see section 
on “How can information on adaptive potential improve 
Endangered Species Act decisions?”), integrating adaptive 
potential can move decisions away or towards listing.

In recovery decisions, we are interested in considering 
which management actions might improve the status of a 
listed species. In these cases, the role of adaptive potential 
is likely to be more nuanced. For example, perhaps a trans-
location (e.g., assisted gene flow) is contemplated because 
of changing climate in the species’ range, and uncertainty 
about whether the species has the capacity to adapt. But a 
translocation will reduce the viability of the species in its 
existing range because some individuals will be removed, 
and establishment in the new location is uncertain. Should 
a manager do the translocation or not? Here, it could result 
in greater danger to the species to ignore adaptive potential.

For these reasons, it is critical to contemplate how uncer-
tainty, including uncertainty about the effect of adaptive 
potential, can be integrated into decisions. For one-time 
decisions, a manager can decide immediately or can delay 
the decision to learn. Two issues must be considered here: 
first, is it legally or politically feasible to delay, and sec-
ond, is it worthwhile to delay? Answering the first question 
will require analysis of the social aspects of the decision. 
Answering the second question will require analysis of the 
value of information (Runge et al. 2011; Williams et al. 
2011; Johnson et al. 2014; Canessa et al. 2015). Value of 
information is a set of methods for evaluating the expected 
increase in management performance associated with learn-
ing. We anticipate how much management outcomes might 
improve if we had additional information. Calculating the 
value of information often will require elicitation of expert 
judgment, because we are anticipating the value of some-
thing that we do not yet know, and so the analysis does not 
lend itself to empirical approaches. Runge et al. (2011) pro-
vide an overview, an example, and a comprehensive review 
of value of information.

Whether we do delay decisions to learn, or plan to learn 
as we manage, uncertainty will remain. Therefore, we will 
ultimately need to make decisions in the face of uncer-
tainty about how management actions will affect extinction 
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risk. When we consider that the species we manage may 
be undergoing adaptation, uncertainty is likely to be sub-
stantial. When making decisions under uncertainty, we are 
primarily concerned with characterizing that uncertainty and 
understanding how the risk attitude of the decision maker 
should be accounted for in the analysis. Characterizing the 
uncertainty involves estimating the probability of various 
outcomes, given a management alternative, via some pre-
dictive model. Integrating the risk attitude of the decision 
maker involves recognizing that a manager may have a 
non-linear utility function, whereby, for example, an action 
resulting in a relatively high predicted probability of persis-
tence but relatively high uncertainty may be less preferred 
than an action resulting in a lower predicted probability of 
persistence but with relatively low uncertainty, such that the 
risk of particularly poor outcomes is overall lower under the 
preferred action. This is akin to preferring an investment 
portfolio that is lower return but also lower risk. A thorough 
analysis of the uncertainty around probability of persistence 
is critical in allowing us to integrate uncertainty, and risk 
tolerance, into our decision making. And accounting for as 
many factors as possible that influence risk, including adap-
tive potential, will allow us to produce the most thorough 
analysis of the state of our population under the actions 
considered.

Advancing understanding of the effect 
of adaptive potential on extinction risk

One of the main challenges to improving models of extinc-
tion risk that incorporate adaptive potential is estimating 
adaptive potential in traits important for fitness in the face 
of environmental change (e.g., thermal tolerance, disease 
resistance, susceptibility to environmental contaminants, 
resistance to or tolerance of invasive species, etc.). To 
parameterize extinction risk models that allow evolution, at 
a minimum, modelers need to know, or at least hypothesize: 
(1) how traits affect survival and birth rates (which is both a 
measure of selection on these traits and necessary to parame-
terize demographic models); and (2) the heritability of these 
traits. Mark-recapture analysis can be used to test how traits 
affect survival and birth rates (White and Burnham 1999). 
Genomic and other approaches are necessary to quantify 
the heritability of these traits. As described above, genom-
ics can be used to infer relatedness among individuals, and 
thereby allow estimation of heritability of traits within a 
population. However, more research is needed to figure out 
how to integrate inferences from multiple genomic analyses 
to inform models of extinction risk, since alone, most of 
these analyses do not provide all necessary information for 
parameterizing these models. For example, genome-wide 
association studies (GWAS) identify loci related to variation 

in a trait of interest, but they do not test whether the trait is 
related to fitness or is adaptive. Genotype-environment asso-
ciation (GEA) approaches, in contrast, identify loci that are 
related to specific environmental features and presumably 
adaptive, but they do not determine which phenotypic traits 
mediate the fitness effects of these loci. It will clearly be nec-
essary to integrate these different types of genomic analyses 
to identify traits that increase fitness in response to specific 
environmental stressors and that are heritable, so that this 
information can be incorporated into models of extinction 
risk. This is an important frontier in conservation genomics 
to make genomics more useful for informing extinction risk.

Controlled experiments, while impractical for most spe-
cies of conservation concern, will remain important for 
testing under what conditions adaptation can rescue popu-
lations from extinction. Although these experiments do 
not necessarily directly inform extinction risk for specific 
species of conservation concern, they are nonetheless often 
the only means of rigorously testing evolutionary theory on 
the potential of adaptation to reduce extinction probabili-
ties. For example, research on the adaptive potential of two 
rainforest-restricted fruit fly species demonstrated very low 
additive genetic variation (the substrate for adaptation) for 
desiccation resistance, even though other traits maintained 
high levels of genetic variation (Hoffmann et al. 2003; Kel-
lermann et al. 2006). This result calls into question the gen-
eralization that most traits will maintain sufficient additive 
genetic variation to ensure adaptive potential (Blows and 
Hoffmann 2005), and also illustrates that trait-specific meas-
ures of genetic variance are not necessarily indicative of 
overall adaptive capacity. In addition, experimental studies 
of model species allow testing management strategies as a 
proof of concept in the lab. For example, experimental evo-
lution in yeast populations has provided evidence not only 
for the efficacy of evolutionary rescue (an increase in popu-
lation growth and avoidance of extinction through adaptation 
from standing genetic variation, mutation, or gene flow), 
but also for the environmental, demographic, and selective 
conditions under which it is most likely to occur (Bell and 
Gonzalez 2009, 2011). Additional experimental studies such 
as these are needed to better characterize thresholds related 
to adaptive potential, including levels of additive genetic 
variance required for adaptive responses to different rates 
and magnitudes of environmental change, and to provide 
guidelines for management actions such as assisted gene 
flow.

Finally, ongoing studies of wild populations that lever-
age the power of genomics to inform adaptive potential are 
needed to better characterize evolutionary responses to cli-
mate and other environmental change. As genomic studies 
become more common, comparative genomics will be one 
avenue for investigating the mechanisms underlying loss 
of adaptive potential in threatened species and taxonomic 
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groups and the resulting implications for extinction risk. For 
example, a comparative study of the genomes of 43 bird spe-
cies, including eight species recovering from endangered or 
vulnerable status, showed loss of adaptive variation related 
to agrochemical pollution (Li et al. 2014). Meta-analyses 
will also be essential for developing a more general under-
standing of the genomic and environmental landscape of 
adaptive potential, including under what circumstances pop-
ulations may adapt, or fail to adapt, to changing conditions 
(Merilä and Hendry 2014). The increasing use of genomic 
approaches to characterize adaptive potential in wild popula-
tions will facilitate these efforts.

Conclusions

Genomics has the potential to improve ESA listing and 
recovery decisions—and similar decisions in other coun-
tries—by providing information on adaptive potential for 
wild populations for which it is difficult or impossible to 
characterize adaptation using traditional approaches like 
controlled breeding or reciprocal transplant experiments. 
Incorporating this information into population models will 
lead to more accurate estimates of extinction risk, improv-
ing decision making and allocation of scarce conservation 
resources. In this paper, we provide specific guidelines on 
where in the listing and recovery decision making work-
flows this information is most pertinent. Although genomics, 
like any scientific tool, is imperfect, we cannot afford to be 
paralyzed by uncertainty in using this information to make 
decisions. A rich decision theoretic framework has already 
been developed for making management decisions in the 
face of uncertainty, which can readily be applied to decisions 
involving inference about adaptive potential. At the same 
time, conservation geneticists should continue striving to 
improve our understanding of the effects of adaptive poten-
tial on extinction risk using modeling, controlled experi-
mental studies of model species, and case studies of wild 
populations. This will help reduce uncertainty to improve 
future management decisions. Finally, we urge conserva-
tion geneticists to develop partnerships with conservation 
practitioners charged with making tough decisions regarding 
the conservation management of small, at-risk populations 
to facilitate integration of the best science on the effects of 
adaptive potential on extinction risk into these decisions.
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