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Abstract 
Restoring gene flow among fragmented populations is discussed as a potentially powerful management strategy that could reduce inbreeding 
depression and cause genetic rescue. Yet, examples of assisted migration for genetic rescue remain sparse in conservation, prompting sev-
eral outspoken calls for its increased use in genetic management of fragmented populations. We set out to evaluate the extent to which this 
strategy is underused and to determine how many imperiled species would realistically stand to benefit from genetic rescue, focusing on feder-
ally threatened or endangered vertebrate species in the United States. We developed a “genetic rescue suitability index (GR index)” based on 
concerns about small population problems relative to risks associated with outbreeding depression and surveyed the literature for 222 species. 
We found that two-thirds of these species were good candidates for consideration of assisted migration for the purpose of genetic rescue 
according to our suitability index. Good candidate species spanned all taxonomic groups and geographic regions, though species with more 
missing data tended to score lower on the suitability index. While we do not recommend a prescriptive interpretation of our GR index, we used it 
here to establish that assisted migration for genetic rescue is an underused strategy. For example, we found in total, “genetic rescue” was only 
mentioned in 11 recovery plans and has only been implemented in 3 of the species we surveyed. A potential way forward for implementation of 
this strategy is incorporating genetic rescue as a priority in USFWS recovery documentation. In general, our results suggest that although not 
appropriate for all imperiled species, many more species stand to benefit from a conservation strategy of assisted migration for genetic rescue 
than those for which it has previously been considered or implemented.
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Introduction
One of the central goals of conservation biology is to pre-
vent population extirpations. Yet, population extirpations 
today are extremely common and are a main driver of the 
rapid defaunation of the planet (Ceballos et al. 2017). Many 
extirpations are caused by genetic and demographic factors 
associated with small population sizes, which can result in 
a positive feedback loop of compounding effects known as 
the “extinction vortex” (Gabriel and Bürger 1992; Frankham 
2005). In this vortex, small populations experiencing strong 
genetic drift and inbreeding are subject to stochastic loss 
of genetic variation and increased frequency of deleterious 
alleles, both of which may reduce adaptive potential and ab-
solute fitness (Bürger and Lynch 1995). Decreased absolute 
fitness leads to smaller population sizes, which accelerates 
these effects and further increases extinction risk due to 
demographic stochasticity (Lande 1993). Genetic threats to 
small populations have been empirically linked to population 

declines and extinctions in plants (Newman and Pilson 
1997; Lennartsson 2002; Vilas et al. 2006), insects (Saccheri 
et al. 1998; Bijlsma et al. 2000; Wright et al. 2008), birds 
(Westemeier 1998), and mammals (Bozzuto et al. 2019).

The potential to ameliorate negative effects of genetic drift 
and inbreeding through gene flow is regularly discussed in the 
context of genetic rescue (e.g. Tallmon et al. 2004; Edmands 
2006; Weeks et al. 2011; Frankham 2015; Bell et al. 2019). 
Genetic rescue is an increase in population fitness caused by the 
introduction of new genetic variation, i.e. gene flow (Tallmon et 
al. 2004; Whiteley et al. 2015). Research on genetic rescue has 
surged over the last decade, spanning theory (Robinson et al. 
2021), empirical studies (Fitzpatrick et al. 2016; Hasselgren et 
al. 2018; Kronenberger et al. 2018; Robinson et al. 2021), and 
multiple reviews on the topic (Whiteley et al. 2015; Hedrick 
and Garcia-Dorado 2016; Bell et al. 2019; Ralls et al. 2020; 
Hoffmann et al. 2021). However, despite calls for its increased 
use as a conservation strategy (Frankham et al. 2017; Ralls et 
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al. 2018), examples of assisted migration with the expressed 
purpose of genetic rescue remain sparse. A 2015 meta-analysis 
reported only ~20 cases globally of outcrossing or assisted 
migration among populations for purposes of genetic rescue, 
which the author notes is “probably a very low proportion of 
populations that would potentially benefit” (Frankham 2015). 
Since 2015 we found only 1 additional published example 
of assisted migration for the purpose of genetic rescue in an 
imperiled species (Weeks et al. 2017).

Importantly, when carried out, these efforts have almost 
always resulted in successful genetic rescue, evidenced by 
increased fitness following the onset of gene flow (Frankham 
2015, 2016). Iconic examples of successful genetic rescue in 
vertebrates include Florida panthers (Johnson et al. 2010), 
greater prairie chickens (Westemeier 1998), bighorn sheep 
(Hogg et al. 2006), and mountain pygmy possums (Weeks et 
al. 2017). In all of these cases, increases in population abun-
dance were observed following the onset of assisted migra-
tion, and presumably gene flow. Experimental studies have 
also shown consistent positive fitness effects of gene flow, 
especially into small populations, under a range of experi-
mental conditions and taxonomic groups (Hufbauer et al. 
2015; Kronenberger et al. 2017, 2018; Robinson et al. 2017). 
Altogether, Frankham’s (2015) meta-analysis of 156 relevant 
datasets, including many controlled experiments as well as 
field studies, found that outcrossing or assisted migration 
among populations was beneficial to inbred populations in 
93% of cases, and that genetic rescue effects persisted to at 
least the F3 generation (Frankham 2016). Given the potential 
boon this strategy may offer for recovery of small populations, 
understanding why assisted migration is used so infrequently 
and providing conservation practitioners clear guidelines for 
implementation are urgent priorities.

Recently, multiple independent groups with global ex-
pertise in evolutionary conservation biology have called 
for increased attention to gene flow restoration and ge-
netic rescue in conservation and management (Hedrick and 
Garcia-Dorado 2016; Bell et al. 2019; Kardos et al. 2021; 
Willi et al. 2022). One of the most outspoken messages was 
a “call for a paradigm shift in the genetic management of 
fragmented populations” (Ralls et al. 2018); a message that 
was reiterated in a textbook written specifically for con-
servation practitioners (Frankham et al. 2017). The central 
argument is—for organisms with low risk of outbreeding de-
pression, the default management strategy should shift from 
maintaining separation among distinct lineages to a new 
default of evaluating whether restoring gene flow among 
populations is necessary, appropriate, and feasible. This 
proposed shift favors a proactive over a “do-nothing” ap-
proach to the management of fragmented populations. While 
frameworks for making evidenced-based genetic management 
decisions exist (i.e. Frankham et al. 2011; Ralls et al. 2018), 
there have not been any specific evaluations of how many and 
which protected species stand to benefit from assisted migra-
tion and genetic rescue.

Despite many potential unrealized benefits, genetic rescue 
is by no means a panacea for all endangered or threatened 
species. An important initial step is determining the extent to 
which a species is a viable candidate for genetic rescue. Species 
that will benefit most from restored gene flow are those with 
small, isolated populations that have been recently fragmented 
by human activities (Frankham et al. 2011, 2017). Recently 
fragmented populations (i.e. fragmentation associated with 

human-induced land use change within the past 200 yr) are 
most vulnerable to the fitness consequences of expressed genetic 
load associated with genetic drift and inbreeding (Bertorelle et 
al. 2022). On the other hand, there are several characteristics 
that increase the probability of outbreeding depression and thus 
would deem a species a poor candidate for assisted migration 
with the purpose of genetic rescue. For example, populations 
with deep divergence histories, fixed chromosomal differences, 
and/or adaptive differentiation are generally at higher risk of 
outbreeding depression (Frankham et al. 2011). Developing 
general guidelines for predicting the probability of outbreeding 
depression is challenging due to differences in natural history, 
evolutionary and demographic history, and the environmental 
context. This uncertainty is often discussed as a deterrent to 
assisted migration (Edmands 2006). However, it is increasingly 
recognized that outbreeding depression can be largely predict-
able given sufficient natural history and genetic information for 
a species, and rules of thumb are provided in a recent “prac-
tical guide” written specifically for fish and wildlife managers 
(Frankham et al. 2019).

Our study was motivated by 2 premises: 1) the increasing 
calls for wider use of assisted migration for genetic rescue in 
conservation and management, and 2) the factors underlying 
good versus risky candidates for such a strategy are generally 
well understood. Yet, surveys of how often assisted migration 
for genetic rescue is actually considered or implemented seem 
to be lacking and we do not know the extent to which this 
strategy is truly underused. Our goal in this study was to ad-
dress these unknowns by surveying federally threatened or 
endangered vertebrate species on the US Endangered Species 
List. We used a common set of criteria to develop a “genetic 
rescue suitability index” to evaluate the potential suitability 
of each species for assisted migration and genetic rescue. We 
were also interested in identifying trends among taxonomic 
groups or geographic regions that have disproportionately 
high or low numbers of good candidate species for genetic 
rescue. Ultimately, we aim to contribute to the path forward 
for implementation of the “paradigm shift in genetic manage-
ment of fragmented populations.”

Methods
Filtering species survey list
To understand the extent to which assisted migration for ge-
netic rescue is an underused conservation strategy, we first 
generated a list of species to evaluate. We limited our evalua-
tion to federally listed vertebrate species in the United States, 
though we note that genetic rescue is likely also beneficial for 
many non-US species and for other taxonomic groups. We 
used the U.S. Fish & Wildlife Service (FWS) Environmental 
Conservation Online System (ECOS) to query all vertebrate 
species listed by the FWS. On 1/20/2022, we downloaded this 
list as a.csv file (https://ecos.fws.gov/ecp/report/species-listings-
by-tax-group?statusCategory=Listed&groupName=All%20
Vertebrate%20Animals&total=415). We filtered the 
“Endangered Species Act Listing Status” column for species 
that were Endangered or Threatened, excluding categories of 
“Experimental Population, Non-essential” and “Similarity of 
Appearance.” We followed the Endangered Species Act’s def-
inition of a species, as including “any subspecies…and any 
distinct population segment of any species of vertebrate fish 
or wildlife which interbreeds when mature.” Some species 
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had multiple records due to multiple Distinct Population 
Segment (DPS) listings. For the purposes of our survey, we 
collapsed these into a single record per species and noted 
locations where each was listed. For example, most species 
are listed “Wherever found,” but some only have specific DPS 
listed. We recorded scientific and common name, the FWS 
Lead Region, whether the species or DPS was Endangered or 
Threatened, and taxonomic group. Next, given that we relied 
on NatureServe information for our survey (described below), 
we filtered out species that were not found on NatureServe, 
which mostly included species from US territories such as 
Guam or Caribbean species. We excluded species or subspe-
cies with fewer than 2 populations and species that are likely 
extinct according to recent surveys, as assisted migration for 
genetic rescue is not possible for these species. Additionally, 
we removed all Hawaiian and other island species, as these 
species were often represented by a single island. We further 
excluded entirely marine species such as sea otters and sea 
turtles because of either the existence of single population 
units, and thus no opportunity for genetic rescue, or the dif-
ficulty that would be presented by not having a specific re-
gional target for assisted migration. Finally, we removed the 
Thick-billed Parrot, as there are no remaining populations in 
the United States. These filtering steps resulted in a final list of 
222 vertebrate species or subspecies across 8 U.S. FWS Lead 
Regions in the contiguous United States and Alaska.

The species list was divided evenly across 3 authors (CM-
M, JMJ, and SWF). In addition to the information listed 
above, we recorded the year of listing on the Endangered 
Species List, and the year of most recent species status doc-
umentation for each species or subspecies, which included 
Recovery Plans (RP), Species Status Assessments (SSA), and 
5-year reviews associated with the FWS species listing—
henceforth referred to as “recovery documentation.” We 
used NatureServe Explorer’s “Estimated Number of Element 
Occurrences” information (https://explorer.natureserve.org/) 
to approximate the remaining number of populations for 
each species. We further recorded basic habitat information 
from NatureServe Explorer and age at maturity and lifespan 
(in years) according to information from both NatureServe 
and ECOS. If we could not find information from these 2 
sources, we used the Advanced search feature of Google 
Scholar (https://scholar.google.com/) using the species’ scien-
tific name and “age at maturity” or “lifespan” to find relevant 
literature. Finally, we recorded the FWS “Recovery Priority 
number” for each species. The Recovery Priority number 
is based on the species’ or populations’ Recovery Potential 
(e.g. degree of threat, taxonomic uniqueness, probability of 
recovery, Supplementary Table S1) and Taxonomy (Table 2), 
and ranges from 1 (highest) to 18 (lowest) priority. These 
scores fall into 3 broad priority categories, High, Moderate, 
and Low (Table 2).

Evaluation of genetic rescue suitability index
Our goal was to generate a “genetic rescue suitability index” 
(GR index) reflective of the suitability of assisted migration 
with the purpose of genetic rescue for each listed species or 
subspecies. In general, successful genetic rescue following as-
sisted migration requires that the species have multiple, dis-
tinct populations that can be connected via gene flow. These 
populations must differ in their genetic variation, but would 
ideally occupy similar habitats or ecoregions, exhibit similar 

chromosomal structure, and lack barriers to reproductive suc-
cess, such as differences in mating behaviors, or mating phe-
nology (Frankham et al. 2011). Populations that stand to benefit 
the most from augmented gene flow are those experiencing 
decreased fitness due to low genetic variation, inbreeding de-
pression, and/or small population sizes (Whiteley et al. 2015). 
Lastly, as with any conservation strategy, the more informa-
tion known about the species (i.e. information about disease, 
behavior, genetic variation), the more tailored and successful 
conservation actions are likely to be. With these considerations 
in mind, we surveyed the literature to answer a set of questions 
designed to evaluate the potential success and risks of genetic 
rescue in each threatened or endangered species.

We searched the species name on NatureServe Explorer 
and, if necessary, found subspecies information related to the 
listing. We then downloaded all FWS recovery documentation 
from ECOS. Finally, we performed an “Advanced search” on 
Google Scholar with the following parameters: containing the 
exact phrase of the species’ scientific name and containing at 
least one of the words “genetic,” “inbreeding,” and/or “trans-
location.” All relevant literature was downloaded for use in 
answering scoring questions. Each species was assigned a 
unique ID associated with a folder that contained all litera-
ture and FWS documentation used for scoring.

The GR index was the sum of scores from 9 questions about 
the species or subspecies, with NAs treated as zeros (Table 1). 

Table 1. Questions and possible responses used in species surveys for 
assigning a GR index.

Question Possible responses 

1.Are there concerns or signs 
of inbreeding depression?

No evidence is specifically stated = 0
Concerns of inbreeding depression = 1
Signs of inbreeding depression = 2
Inbreeding concerns not mentioned 
= NA

2.Are there concerns about 
low levels of genetic varia-
tion?

No concern is stated = 0
Yes = 1
No information about genetic varia-
tion = NA

3.Are there concerns about 
small population sizes?

No concern is stated = 0
Yes = 1
Population size not mentioned = NA

4.Have population genetic 
surveys been performed?

No = 0
Yes = 1

5.What is the ploidy of the 
species?

Diploid = 0
Polyploid = −1

6.Is the only option of ge-
netic rescue to reconnect 
populations that have known 
adaptive differentiation?

No concern is stated, or adaptive 
variation similar across multiple 
populations = 0
Yes = −1
Unknown or not mentioned = NA

7.Is the only option to re-
connect populations from 
distinct ecoregions?

No = 0
Yes = −1

8.Are there disease concerns 
associated with crossing 
populations?

No concern is stated = 0
Yes = −1
Disease is not mentioned or is un-
known = NA

9.Are there population-
specific behaviors that could 
complicate translocations 
among populations?

Yes = −1
No behavioral concerns mentioned = 
NA
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Species with higher GR indices are better candidates for consid-
ering assisted migration for genetic rescue than those with lower 
scores. Questions 1 to 4 assessed concerns about classic “small 
population problems.” Inbreeding depression, low genetic 
variation, and small population sizes are related, yet distinct 
conditions that can occur simultaneously or independently in 
isolated populations. For example, a population may have low 
genetic variation but show no apparent signs of inbreeding de-
pression, either because the population is not inbred, or because 
inbreeding depression is often expressed in an environment-
specific context (Keller and Waller 2002). Alternatively, a 
population could have small census size and be vulnerable to 
demographic stochasticity without necessarily having lost much 
genetic variation. Thus, we opted to score these questions sepa-
rately under the rationale that if a species shows evidence of all 
3 (i.e. inbreeding depression, low genetic variation, and small 
population size), it should be weighted as a stronger candidate 
for genetic rescue than a population only showing evidence of 
one of these.

Q1. Are there concerns or signs of inbreeding depression?

Evidence of inbreeding depression is one of the clearest of all 
signals that a population would benefit from assisted migra-
tion. Species were scored as follows: Species where fitness or 
phenotypic effects of inbreeding were explicitly mentioned, 
+2; inbreeding depression was stated to be an explicit con-
cern but no concrete evidence was presented, +1; absence of 
inbreeding depression explicitly mentioned, 0; no mention of 
inbreeding depression at all, “NA.”

Q2. Are there concerns about low levels of genetic varia-
tion?

Even without clear signs of inbreeding depression, levels 
of genetic variation can offer insight into the prevalence of 
inbreeding and adaptive potential in the population (Kardos 
et al. 2021). Species were scored as follows: some level of 
concern about low genetic variation mentioned, +1; explicit 
statement that low genetic variation is not a concern, 0; no 
mention of genetic variation, “NA.”

Q3. Are there concerns about small population sizes?

Habitat fragmentation not only reduces gene flow among 
isolated populations, but it often reduces habitat available 
to support the past carrying capacities of restricted species 
(Didham et al. 2012). Small populations are more vulnerable 
to inbreeding than large populations, and when small popula-
tion size is coupled with low genetic variation and inbreeding, 
adaptive capacity is reduced (Frankham et al. 1999; Skelly et 
al. 2007; Bijlsma and Loeschcke 2011; Klerks et al. 2019). 
Further, small population sizes are inherently more vulnerable 
to extinction caused by demographic stochasticity (e.g. Lande 
1993). Species were scored as follows: concerns of small pop-
ulation sizes stated in the literature, +1; explicit statement 
that small population size is not a concern, 0; population size 
was not mentioned, “NA.”

Q4. Have population genetic studies been performed?

Population genetic studies are invaluable for understanding 
inbreeding and genetic variation in endangered populations 
and for identifying distinct population units that could be 
adapted to different environmental conditions (Allendorf et 
al. 2010; Kardos et al. 2021). As these studies can directly 

inform the applicability of genetic rescue, we searched the lit-
erature (see above) for published population genetic informa-
tion, including dissertations and recovery documentation. We 
limited studies to those with population-level sampling, ex-
cluding taxonomic studies based on one or a small number 
of individuals per species. Species were scored as follows: ge-
netic studies present, +1; no population genetic information 
found, “NA.” We also recorded the genetic marker used for 
these studies.

Questions 5 to 9 addressed potential risks associated with 
assisted migration for genetic rescue, including risk factors for 
outbreeding depression and species characteristics that could 
hinder assisted migration efforts.

Q5. What is the ploidy of the species?

Polyploidy is a common concern for genetic rescue, as 
matings between individuals of different ploidy levels are 
unlikely to result in viable offspring (Schmidt-Lebuhn et 
al. 2018). While intraspecies variation in ploidy number 
is rare in vertebrates, some fish families exhibit variation 
(e.g. Acipinseridae, Catostomidae, Salmonidae; Comber and 
Smith 2004). We assessed whether ploidy differed across 
populations by searching the materials for evidence of pol-
yploidy. If no variation in ploidy was documented for the 
species, we assumed it was diploid. Species were scored as 
follows: variation in ploidy between populations, −1; no 
variation (i.e. all diploid), 0.

Q6. Is the only option of genetic rescue to reconnect 
populations that have known adaptive differentiation?

We searched all literature for mentions of adaptive pheno-
typic variation across populations of the species. Species 
were scored as follows: trait(s) differed across populations, 
and the only option for assisted migration would be to 
cross populations with known adaptive differences, −1; ex-
plicit reference to a lack of interpopulation differences, 0; 
adaptive differentiation not mentioned, “NA.” When spe-
cies were scored as −1, we listed the specific traits which 
differed.

Q7. Is the only option to reconnect populations from dis-
tinct ecoregions?

Similarly, we searched all literature to identify the lo-
cality of each remaining population and compared them 
to the EPA Level I EcoRegions map (https://gaftp.epa.gov/
EPADataCommons/ORD/Ecoregions/cec_na/NA_LEVEL_I.
pdf). Species were scored as follows: each population is 
found in a different ecoregion suggestive of differences in the 
environments experienced by the populations under investi-
gation, −1; species had at least 2 populations in the same ec-
oregion, 0.

Q8. Are there disease concerns associated with crossing 
populations?

Introducing a novel disease would be detrimental to conser-
vation efforts, and disease risk has long been a concern of 
translocation efforts worldwide (Cunningham 1996; Berger-
Tal et al. 2020). Species were scored as follows: disease, which 
we considered to include all infectious agents (e.g. viruses, 
bacteria, fungi, ectoparasites), mentioned as a concern in the 
literature for the species, −1; no disease concerns are currently 
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warranted, 0; disease concerns not mentioned or unknown, 
“NA.” When disease was listed as a concern, we recorded the 
specific pathogen of concern.

Q9. Are there population-specific behaviors that could 
complicate translocations among populations?

Behavioral differences among populations that might hinder 
successful assisted migration and genetic rescue could in-
clude differences in reproductive behaviors and phenology, 
homing behavior, and foraging behavior (reviewed in Berger-
Tal et al. 2020). We searched the collected literature for 
mention of behaviors that differ between populations (ex-
cluding differences between captive-raised and wild-born 
individuals). Species were scored as follows: behavioral 
differences among populations mentioned, −1; behavioral 
differences not mentioned, “NA.” We recorded the specific 
behavioral differences where present.

Finally, for each species we noted whether translocations, 
which we define here as any form of human-assisted move-
ment of animals from one location to another, had been 
considered, implemented, or not mentioned/performed. 
We included translocations where individuals from cap-
tive breeding programs or hatcheries were released into the 
wild, translocations from a wild population to previously 
inhabited areas, and translocations between populations. 
We also searched all recovery documentation for the term 
“genetic rescue” and indicated whether genetic rescue was 
mentioned. If a plan discussed the general concept of genetic 
rescue (i.e. human-assisted migration for restoring gene flow 
and increasing population growth) we noted this as well.

Statistical analysis
All statistical analyses were performed in R v 4.0.2 (R Core 
Team 2022). We first tested for differences in GR index 
distributions among the 3 evaluators. GR index was not nor-
mally distributed and had many tied values. To account for 
this, we used the Kruskal–Wallis test, a nonparametric test 
for comparing whether 2 or more groups of samples come 
from the same distribution. The Kruskal–Wallis test sta-
tistic, H, confirmed that the distribution of GR index did 
not differ among evaluators (H = 1.89; P = 0.39). Thus, we 
combined all GR indices across authors for analysis. We used 
the Kruskal–Wallis test to understand differences in the dis-
tribution of GR index across taxonomic groups, U.S. FWS 
Lead Region, number of populations remaining according 
to NatureServe, and translocation status (implemented, 
considered, or not mentioned/performed). When H was sig-
nificant, we used Dunn’s test to determine which specific 
categories differed in GR index distribution. Dunn’s test was 
performed with Bonferroni adjustment in the “dunn.test” R 
package v 1.3.5, which accounts for tied ranks (Dinno 2017). 
We used a Mann–Whitney U test to determine whether the 
distribution of GR index differed between species listed as 
threatened and those listed as endangered and to assess the 
relationship between GR index and age at maturity. Age at 
maturity was split into 2 categories: species that matured 
before the age of 4 yr were classified as “fast life-history” 
and those that matured at 4 yr or older were classified as 
“slow life-history.” To test whether there was a relationship 
between translocation status and taxonomic group, we used 
Fisher’s exact test. We assessed the correlation between GR 
index and the number of survey questions answered “NA” 

and the correlation between GR index and Recovery Priority 
category (High, Moderate, or Low, Table 2) with Kendall’s 
rank correlation coefficient (Kendall’s τ). As the number of 
remaining populations was reported as a range of values 
(e.g. “1 to 5,” “6 to 20”), we analyzed the relationship be-
tween GR index and number of remaining populations in 2 
ways: we treated number of remaining populations as a cat-
egorical variable with the Kruskal–Wallis test, and we also 
converted the population value ranges to an ordinal variable 
and assessed Kendall’s rank correlation coefficient. Similarly, 
we treated the number of remaining populations as an or-
dinal variable and used a Kruskal–Wallis test to assess the 
relationship between translocation status and number of 
populations remaining. We used “ggplot2” v 3.3.5 (Wickham 
2016), “png” v 0.1-7 (Urbanek 2013), and “patchwork” v 
1.1.1 (Pedersen 2020) for plotting figures.

Results and discussion
Our overarching goal was to evaluate the sentiment that as-
sisted migration and genetic rescue are underused strategies 
in the genetic management of fragmented populations, and 
to provide some suggested paths forward. We did this by de-
veloping a “genetic rescue suitability index” (GR index) with 
which to survey imperiled species. Across the 222 evaluated 
species, GR index ranged from negative 1 to 4 (Fig. 1A). A 
third of species were assigned a GR index of 2 and 65% of 
species were assigned a GR index of 2 or higher. Species for 
which assisted migration for the purpose of genetic rescue has 
already occurred (i.e. Columbia Basin Pygmy Rabbit, Florida 
Scrub-jay, and Florida Panther) received high GR indices 
(≥3), providing confidence that our scoring system did iden-
tify known candidate species for this strategy (Table 3). Our 
GR index also appropriately identified species that intuitively 

Table 2. U.S. Fish and Wildlife Recovery Priority guidelines.

Prioritization 
category 

Recovery 
Potential 

Taxonomy Priority 
Number 

High High Monotypic genus 1

Species 2

Subspecies/DPS 3

Low Monotypic genus 4

Species 5

Subspecies/DPS 6

Moderate High Monotypic genus 7

Species 8

Subspecies/DPS 9

Low Monotypic genus 10

Species 11

Subspecies/DPS 12

Low High Monotypic genus 13

Species 14

Subspecies/DPS 15

Low Monotypic genus 16

Species 17

Subspecies/DPS 18

Adapted from Federal Register Document 83-25716, 1983. Lower 
numbers indicate species with higher priority.
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would not be good candidates for assisted migration for ge-
netic rescue and thus had low GR indices, such as polyploids, 
species with behavioral or disease concerns, and species with 
excessive missing data. We interpreted species with a GR 
index of 2 or higher as worthwhile candidates for consider-
ation of assisted migration for genetic rescue. Consideration 
for this strategy does not necessarily mean that assisted mi-
gration will ultimately be appropriate for all high-scoring 
species following full evaluation of potential risks and prac-
ticality. However, our evaluation suggests nearly two-thirds 
of listed vertebrate species should be considered compared 
with <5% of species for which genetic rescue was mentioned 
in the recovery documentation. Once a species is deemed a 
strong candidate for assisted migration for genetic rescue, and 
logistical barriers are overcome, the implementation of this 
strategy is likely to produce beneficial outcomes.

Variation in GR index across taxonomic groups and 
regions
We did not find support for differences in GR indices across 
taxonomic groups, geographic regions in the United States, 
number of populations remaining, age at maturity, or listing 
status, suggesting there is not a particular “type” of spe-
cies that stands to benefit from genetic rescue. While the 
number of listed species or subspecies in each taxonomic 
group varied from 24 (reptiles) to 95 (fishes), all groups 
exhibited similar distributions of GR indices (H = 7.66, P 
= 0.10), with most species assigned a GR index between 
1 and 3 (Fig. 1B). The number of listed species per Lead 
Region ranged from 5 species listed in Alaska (Lead Region 
7) to 71 species listed in the Southeast (Lead Region 4), 
but distributions of GR indices across Lead Regions did 
not meet the significance threshold (H = 13.55, P = 0.06; 
Fig. 2). Rather, differences in sample size per Lead Region 

seemed to obscure differences in GR index distribution. For 
example, 44% of species in the Midwest had a GR index = 
0, which is proportionally more zeroes than other regions, 
but this is based on a total of only 9 listed species in the 
Midwest. Similarly, GR index distributions did not differ 
between species with fast or slow life histories (W = 3,151, 
P = 0.10; Supplementary Fig. S1) or between threatened 
versus endangered species (W = 6,658, P = 0.21). Finally, we 
detected no significant differences in the distribution of GR 
indices across species with different numbers of populations 
remaining when treating as either a categorical variable (H 
= 7.39, P = 0.49) or as an ordinal variable (Kendall’s τ = 
0.01, P = 0.86). All groups and regions contained species 
that would be considered good candidates for assisted mi-
gration, indicating potential widespread benefits of this 
conservation strategy.

We found that all 145 species with GR indices ≥2 had at 
least 1 “small population concern” noted in the recovery doc-
umentation or primary literature (i.e. Q1 to Q3), indicating 
some uniformity in what makes a strong candidate for ge-
netic rescue according to our criteria. On the other hand, 
there were no consistent trends underlying poor candidates 
(GR index <2). For example, the Endangered Indiana Bat 
(GR index = 0) was missing very little information, but 
concerns about both disease and cave site fidelity led to a 
low GR index for this species. In contrast, many species re-
ceived low indices due to missing information. Most species 
were missing some information; we evaluated only 3 species 
with complete information across all survey questions. As 
expected, we found a negative relationship between number 
of survey questions answered “NA” and GR index (Kendall’s 
τ = −0.38, P << 0.01). That is, species with more missing 
information tended to have lower GR indices. Interestingly, 
missing information did not preclude species from having a 
high GR index. Of the 145 species with indices ≥2, 87% had 

Fig. 1. Distribution of GR index across endangered and threatened vertebrates listed by the U.S. Fish & Wildlife Service. A) GR index across all 
vertebrates surveyed. Numbers and lighter shading represent species that had explicit mention of genetic rescue in recovery documents. B) GR index 
across taxonomic groups. Silhouettes were downloaded from PhyloPic; desert tortoise silhouette ©Andrew A. Farke (https://creativecommons.org/
licenses/by/3.0/legalcode).
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more than 1 question with missing information. A lack of 
information should therefore not prevent evaluation of the 
feasibility of assisted migration, especially given that such 
an evaluation would likely fill in valuable natural history 
knowledge and biology for the species. The questions with 
the most missing information were about characterizing 
behavioral and/or adaptive variation among populations 
(Supplementary Fig. S2).

Is assisted migration for genetic rescue underused?
To evaluate whether assisted migration for genetic rescue 
is underused among candidate species (i.e. GR index ≥2), 
we explored patterns of translocation-related management 
actions in these species (i.e. any form of human-assisted move-
ment of animals from one location to another, regardless of 
intention). Translocations were surprisingly frequent across 
taxonomic groups. Specifically, we found that translocations 
had been implemented in 44% of species and considered in 
an additional 20% of species. After accounting for variation 
in number of species within each taxonomic group, we found 
that translocation status (implemented, considered, or “not 
mentioned”) was significantly associated with taxonomic 
group (P = 0.03); translocations were implemented more fre-
quently in fishes and mammals. However, despite nearly half 
of all evaluated species having translocations implemented, 
few of these management actions were carried out for the 
purpose of genetic rescue. Only 5 out of 98 species for which 
translocations were performed had explicit mention of ge-
netic rescue in the recovery documentation, and we found 
only 3 instances of actual implementation as the other 2 
were relocations into unoccupied habitat (Fig. 3A). For 
freshwater fishes, the group with the most translocations, 
the most common strategy was the reintroduction of 

captively propagated individuals into previously occupied 
(now, unoccupied) sites (George et al. 2009b). For example, 
hatchery-reared bluemask darters have been released into 3 
unoccupied sites on the Calfkiller River in Tennessee (Taylor 
et al. 2021). In contrast, we found very few examples of 
translocations into an existing population, and those few 
cases seemed to be for the purpose of supplementing the pop-
ulation rather than restoring gene flow. In the case of the 
Little Kern golden trout, stocking trout reared in captivity 
was carried out for the purpose of increasing population size, 
yet this led to swamping of wild genotypes and an overall 
reduction in genetic variation (Lusardi et al. 2015). We also 
found that, while translocations were frequent across the 
species surveyed, translocations typically occur when only a 
few wild populations remain. The distribution in “number of 
populations remaining” varied significantly across transloca-
tion categories (H = 11.089, P < 0.01; Supplementary Fig. S3), 
such that species for which translocations were implemented 
tended to have fewer remaining populations than species for 
which translocations had not been performed or considered 
(Dunn’s z = 2.86, P < 0.01 and Dunn’s z = −2.62, P = 0.01, 
respectively).

Even though translocations were not typically implemented 
for the purpose of genetic rescue, we did find that a spe-
cies’ translocation status (implemented, considered, or “not 
mentioned”) was positively associated with median GR 
index (H = 8.40, P = 0.02; Fig. 3B). That is, species with 
a record of translocations had higher GR indices more 
frequently than those for which translocations were not 
mentioned (Dunn’s z = 2.77, P < 0.01). This is presumably 
because species with a history of translocations were already 
determined to be well-suited to human-assisted movement. 
While previous translocations were not typically carried out 
for the purpose of genetic rescue, it is encouraging that the 

Fig. 2. Map of contiguous United States and Alaska divided into Lead Regions according to the U.S. Fish & Wildlife Service. The distribution of GR index 
across species in each Lead Region and a featured vertebrate from each Lead Region are shown. Hellbender photograph taken by Brian Gratwicke 
(https://creativecommons.org/licenses/by/2.0/deed.en).
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logistics and inherent barriers to such an intervention have 
already been overcome for many species and scenarios. 
Management actions that include translocations are inher-
ently complex (Taylor et al. 2017; Berger-Tal et al. 2020), 
but specific protocols and best practices for operationalizing 
translocations (whether for genetic rescue or not) continue 
to be developed across diverse species (George et al. 2009a; 
Fischer et al. 2022).

Assessing the relationship between GR index and Recovery 
Priority category allowed us to investigate whether the pri-
ority ranking system for endangered species is compatible with 
implementing assisted migration for genetic rescue in species 
for which it is likely to be successful. Listed species are assigned 
Recovery Priority numbers to indicate where conservation 
efforts and funding are best directed. Despite potential for high 
priority rankings, species facing greater risk of extinction may 
be unsuitable for genetic rescue if, for instance, there are no 
source populations available for translocation. However, we 
found that GR index and Recovery Priority category were 
statistically independent (Kendall’s τ = 0.02, P = 0.65), and 
GR indices appeared to be similarly distributed across pri-
ority categories. Although “Recovery Potential” may corre-
late with factors assessed in our GR index (such as options for 
reconnecting populations) the definition of Recovery Potential 
is broad, and the Priority Number also addresses taxonomic 
uniqueness. Thus, there is not a direct correlation between 
our index and the Priority Number. Encouragingly, several 
high priority species are also good candidates for assisted mi-
gration and genetic rescue. These higher priority species have 
access to more resources than lower ranked species; thus, car-
rying out assisted migration may be financially feasible. On the 
other hand, several moderate priority species also scored high 
on the GR index. Explicitly considering suitability for genetic 
rescue in assessing Recovery Potential may open additional 

opportunities to implement assisted migration with the pur-
pose of genetic rescue in listed species. If resources could be 
found to support genetic rescue management actions, these 
steps may help these lower priority species from proceeding 
further into the extinction vortex.

Caveats
We caution against a prescriptive interpretation of the GR in-
dices in this study and note several caveats to our approach. 
Our scoring system is simplistic in assigning points equally 
and additively across categories (e.g. +1 for concerns about 
small population sizes, −1 for concerns about disease). In 
reality, the cost–benefit analysis will be more nuanced and 
case specific. For example, disease transmission was a con-
cern associated with panther translocations from Texas to 
Florida in the 1990s, but the risks associated with sustained 
inbreeding depression and depletion of genetic variation were 
determined to be much more detrimental to the population 
(Seal and Lacy 1989; Roelke et al. 1993). However, there 
may be other cases where disease concerns outweigh poten-
tial benefits of restoring gene flow, such as concerns about 
fungal pathogens in many amphibians (Scheele et al. 2021). 
In addition, the small population problems contributing to 
the extinction vortex likely operate multiplicatively in wild 
populations, as opposed to the additive way these factors 
were considered in our scoring system. For example, strong 
genetic drift and inbreeding will decrease genetic variation 
across the genome, which may in turn reduce disease resist-
ance or other stress responses (Bijlsma and Loeschcke 2011). 
If such a scoring system were to be implemented to deter-
mine suitability for assisted migration in practice, we would 
recommend incorporating these potential interactions and 
weighting scores based on informative and context specific 
prior knowledge for the given species.

Fig. 3. Distribution of translocation status and GR index across evaluated species. A) Stacked bar graph with translocation status colored by whether 
genetic rescue was mentioned in recovery documents. B) Distribution of GR index according to translocation status.
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While our evaluation focused on federally listed verte-
brate species in the United States, we also recognize that there 
are many other species throughout the world and in other 
taxonomic groups that would benefit from assisted migra-
tion for genetic rescue, especially in plants and arthropods 
where many empirical examples of genetic rescue have been 
demonstrated (Willi et al. 2007; Pickup et al. 2012; Hufbauer 
et al. 2015). Finally, we emphasize that assisted migration for 
genetic rescue should only be 1 aspect of a comprehensive 
species recovery strategy. Genetic rescue is most effective, and 
likely only possible, when there is available habitat for pop-
ulation expansion. While overwhelming evidence suggests 
changes to genetic management of fragmented populations 
are needed, the acquisition, restoration, and management of 
high-quality habitat should remain a top priority.

Potential barriers and paths forward for increased 
use of assisted migration and genetic rescue
Our evaluation highlighted some likely barriers to implemen-
tation of assisted migration for genetic rescue. Research on 
genetic rescue has drastically increased in the last decade, 
and the general species traits underlying both successful 
rescue and outbreeding depression risk are better understood. 
Nonetheless, we find that genetic rescue is rarely mentioned 
explicitly in species recovery plans or 5-year reviews. Although 
197 out of 222 recovery plans or reviews mentioned small 
populations concerns, only 11 explicitly mentioned genetic 
rescue. A central purpose of these documents is to describe 
and prioritize site-specific management actions necessary to 
achieve recovery (Hoekstra et al. 2002). Thus, there remains a 
gap between the primarily academic conservation and popula-
tion geneticists calling for the paradigm shift and the manage-
ment actions that are currently prioritized and implemented 
in Recovery Plans. This points to a strong need for increased 
communication among the genetic rescue research com-
munity and the state and federal biologists, managers, and 
policy makers who are writing and implementing recovery 
plans.

As discussed above, prioritization of assisted migration for 
genetic rescue in species Recovery Plans could improve spe-
cies outcomes, and is consistent with recovery goals and spe-
cies risk assessments. However, realizing the potential benefits 
of genetic rescue for listed species will require increased com-
munication between all stakeholders. In assessing species for 
listing under the ESA, the USFWS considers the “three R’s”: 
Redundancy, Resiliency, and Representation. “Redundancy” 
is the species’ capacity to “withstand catastrophic events 
by spreading risk among multiple populations, or a large 
area”; “Resiliency” refers to species’ capability to “with-
stand stochastic disturbance” and is “positively related to 
population size and growth rate, and may be influenced by 
connectivity among populations”; lastly, “Representation” 
refers to the “ability of a species to adapt to changing en-
vironmental conditions over time as characterized by the 
breadth of genetic and environmental diversity within and 
among populations” (Smith et al. 2018). Assisted migration 
with the goal of restoring gene flow between populations can 
introduce new genetic variation and increase adaptive ca-
pacity (Representation), as well as increase population sizes 
and connectivity between populations (Resiliency). To date, 
most translocation and genetic rescue efforts are undertaken 
as last-ditch efforts to save imminently endangered species. 

Earlier consideration of assisted migration for genetic rescue 
could allow for more options for translocation (i.e. between 
localities that are more environmentally similar) and lead to 
more successful species recovery.

Rangewide population genomic information provides a 
clear first step in evaluating whether a species would benefit 
from assisted migration. We were surprised to learn that 
ninety percent of surveyed species in this study had some 
level of population genetic data reported in the primary 
literature or recovery documentation. However, of these, 
most genetic datasets were based on a small number of mi-
tochondrial (mtDNA) or nuclear genes (77% of studies), 
microsatellites (74%) or both (57%). Relatively fewer 
species had larger SNP-based genomic datasets attributed 
to them (23%), but this is not surprising given the re-
cency of applying these methods to nonmodel organisms. 
Traditional population genetic studies based on mtDNA/
nuclear markers and microsatellites remain informative 
about neutral processes that affect the whole genome (i.e. 
relationships among populations, population structure, ad-
mixture, effective population size, etc.). However, higher-
resolution genomic datasets provide far more information 
for designing and implementing assisted migration for ge-
netic rescue (Allendorf et al. 2010; Fitzpatrick and Funk 
2019; Forester and Lama 2022). For example, in the plan-
ning stages of an assisted migration strategy, genomic data 
can help inform managers about which populations would 
benefit most from new genetic variation (i.e. high levels 
of inbreeding and low genetic variation) as well as ideal 
donor populations (i.e. low inbreeding, high genetic var-
iation, low differentiation at adaptive loci, low levels of 
structural variation relative to recipient, etc.). Genomic 
data can also be crucial for monitoring the outcomes of 
assisted migration and genetic rescue (Miller et al. 2012; 
Fitzpatrick et al. 2020). For instance, genomic monitoring 
data collected after assisted migration could be used to 
confirm that translocated individuals are breeding with 
local residents, to track changes in genetic variation over 
time, and to fine-tune future management efforts. Relative 
to species with small marker-based datasets (i.e. mtDNA 
or microsatellites), we found that more species with ge-
nomic data had translocations reported as implemented or 
considered in their recovery documentation, although still 
only 16% of these explicitly mention genetic rescue in the 
recovery documentation. Thus, while it was encouraging 
that so many species on our survey list had at least some 
knowledge about population genetic patterns, the collec-
tion of higher-resolution genomic datasets for more species 
should continue to be a high priority for management, as 
these datasets are directly relevant to informing the poten-
tial for genetic rescue.

Conclusions
We have formally established that assisted migration for 
genetic rescue is an underused strategy for the imperiled 
vertebrates of the United States, corroborating previous calls 
for increased consideration of this strategy in conservation 
practice. Reflective of the widespread problem of habitat 
fragmentation and population isolation, species with high 
GR indices were found across all taxonomic groups and geo-
graphic regions. There seems to be high awareness of “small 
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population problems” within species’ recovery documenta-
tion, and widespread adoption of genetic tools to help char-
acterize such problems, though highly informative genomic 
datasets are still uncommon. Yet, evaluation of suitability 
for genetic rescue tends to be absent from recovery litera-
ture. Incorporating such evaluations is an important first step 
toward wider adoption given that US FWS Species Status 
Assessments and recovery plans serve as the primary road 
maps for species recovery.

Glossary
assisted migration: the intentional translocation of individuals 
within or outside the natural range of a species (Aitken and 
Whitlock 2013).
Distinct Population Segment (DPS): a vertebrate population or 
group of populations i.e. discrete from the other populations 
of the species and significant in relation to the entire species 
(USFWS-NMFS 1996).
gene flow: movement of genetic material between populations 
caused by migration and subsequent reproduction.
genetic load: the presence of deleterious genetic variation 
within a population or individual.
genetic rescue: an increase in population fitness (best meas-
ured by population growth rate) due to gene flow (Whiteley 
et al. 2015).
genetic rescue suitability index (GR index): index developed 
in this study to determine a species’ suitability for a man-
agement strategy of assisted migration with the purpose of 
genetic rescue.
outbreeding depression: negative fitness consequences caused 
by outcrossing or gene flow.
Recovery Priority Number: Ranking system used by the 
Endangered Species Act to assign relative priorities for con-
servation planning and action.
Redundancy: the capacity of a species to withstand cata-
strophic events, measured by the number of populations, their 
resiliency, and their distribution and connectivity.
Resiliency: the capacity of populations to withstand sto-
chastic events, measured by the size and growth rate of each 
population.
Representation: the capacity of a species to adapt to changing 
environmental conditions measured by the breadth of genetic 
or environmental diversity within and among populations of 
a species.
Species Status Assessments (SSA): biological risk assessment 
to characterize a species’ ability to sustain populations in the 
wild over time based on the best scientific understanding of 
current and future abundance and distribution within the spe-
cies’ ecological settings.
US FWS recovery plan: nonregulatory document that 
describes and justifies the research and site-specific manage-
ment actions necessary to support recovery of a federally 
listed species or DPS, often developed with federal, state, 
tribal, local governmental, nongovernmental, and other inter-
ested parties (United States ESA 1983).
5-year status reviews: a periodic review of the status of spe-
cies listed under the Endangered Species Act of 1973 i.e. 
conducted at least once every 5 yr, typically to assess each 
threatened and endangered species to determine whether its 
status has changed since the time of its listing.
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