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Abstract

Thousands of small populations are at increased risk of extinction because
genetics and evolutionary biology are not well-integrated into conservation
planning–a major lost opportunity for effective actions. We propose that if the
risk of outbreeding depression is low, the default should be to evaluate restora-
tion of gene flow to small inbred populations of diploid outbreeding organisms
that were isolated by human activities within the last 500 years, rather than
inaction. We outline the elements of a scientific-based genetic management
policy for fragmented populations of plants and animals, and discuss the rea-
sons why the current default policy is, inappropriately, inaction.

Introduction

Continuing human destruction and fragmentation of
habitats worldwide necessitates management interven-
tions based on evolutionary theory to preserve popu-
lations of threatened plants and animals (Carroll et al.

2014; Smith et al. 2014). Nonetheless, genetics and evolu-
tionary biology are not well-integrated into conservation
planning–a major lost opportunity for effective manage-
ment actions.

While preservation of genetic diversity is advised by the
IUCN and required by legislation in many countries, con-
crete steps to achieve this are rare, and scientific advances
in conservation genetics have not been incorporated into
the management policies of most governments (Laikre
et al. 2010; Cook & Sgrò 2017). For instance, there has
long been overwhelming evidence that inbreeding and

loss of genetic variation are major threats to population
persistence: in a classic study, level of inbreeding was the
most important predictor of local population extinction
in a wild butterfly (Saccheri et al. 1998). Yet inbreeding
is mentioned in only �7% of endangered species recov-
ery plans in the United States, Australia, and Europe, and
even fewer discuss active genetic management (Pierson
et al. 2016). The legacy of this lack of attention to genetic
issues is reflected in the lack of genetic data to inform
many conservation issues and decisions.

It is important to incorporate our knowledge of the
negative consequences of inbreeding and reduced ge-
netic variation into conservation planning, because most
species now have fragmented distributions due to hu-
man activities. Small, genetically isolated populations lose
genetic diversity, mainly by random processes, and be-
come increasingly inbred with each generation. They
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suffer from inbreeding depression (loss of fitness due to
inbreeding) in the short term, and reduced adaptability
to changing environments in the longer term, leading to
impaired population growth and elevated extinction risk
(Carlson et al. 2014; Smith et al. 2014). For example, DNA
from the last woolly mammoths (Mammuthus primigenius)
showed that they likely experienced inbreeding depres-
sion and accumulation of harmful mutations that con-
tributed to their demise (Rogers & Slatkin 2017).

The good news is that the negative effects of inbreed-
ing and low genetic diversity can often be reversed by
crossing at-risk populations with genetically distinct ones,
providing genetic variation that can mask harmful ef-
fects and promote beneficial phenotypes: “genetic res-
cue.” Even more encouragingly, genetic rescue, as part
of an integrated plan for population management, can
yield a very high success rate with large effects that are
likely to persist if population growth and size are ap-
propriately maintained (Frankham 2015; Whiteley et al.

2015, 2016; Frankham et al. 2017). For example, a meta-
analysis of 156 relevant data sets, including many con-
trolled experiments as well as field data, found that out-
crossing was beneficial to inbred populations in 93% of
cases (Frankham 2015) and that genetic rescue effects
persisted to at least the F3 generation (Frankham 2016).
It is thus surprising that only about 30 “genetic res-
cues” of wild plant and animal populations have been at-
tempted for conservation purposes, despite some spectac-
ular, well-publicized successful examples such as Florida
panthers (Puma concolor) (Johnson et al. 2010; Frankham
2015; Whiteley et al. 2015).

Why have genetic rescue attempts been
so rare?

The rarity of genetic rescues stems from biological con-
cerns, compounded by cultural and legislative barriers
(Frankham 2015; Cook & Sgrò 2017; Love Stowell et al.

2017). Biological concerns center on fear that mixing
gene-pools will cause outbreeding depression (loss of fit-
ness when populations that are too genetically different
are crossed, Frankham et al. 2011), possible loss of local
adaptation, and uncertainty as to the probable magni-
tude of the genetic rescue effects. However, thanks to re-
cent advances in conservation genetics, these issues can
be evaluated and largely avoided. Fears of outbreeding
depression are exaggerated: it is uncommon, often tran-
sient, usually of smaller effect than inbreeding depres-
sion, and the risks of specific crosses can be assessed
using a published decision tree (Frankham et al. 2011).
Frankham et al. noted that their tree erred on the side
of caution and, indeed, evidence is accumulating that ge-

netic rescue can be successful even when highly diver-
gent populations are crossed (Kronenberger et al. 2017).

Loss of local adaptation is also usually a minor and
manageable issue. Many small populations will not be
well-adapted to their current environment, due to fixa-
tion of deleterious alleles by random drift and changing
local conditions due to human alteration of the environ-
ment, including global climate change. Even if local adap-
tation might be substantive, its loss can be prevented by
careful planning, as was done in the case of the Florida
panther (Johnson et al. 2010).

The predicted benefits of genetic rescue are large: a re-
cent meta-analysis showed that the median fitness in-
crease in wild populations that naturally outbreed was
162.5% in stressful or wild environments (Frankham
2015). Further, the benefits persisted at least through the
F2 and F3 generations, with no decline out to F16 in out-
breeding species (Frankham 2016; Frankham et al. 2017).
Similarly, Bijlsma et al. (2010) showed long-lasting ge-
netic rescue effects at generations F5 and F10.

Cultural concerns about gene-pool mixing center on
preserving taxonomic integrity: fear that the rescued pop-
ulation will be different after rescue. This stems from re-
garding species as fixed entities rather than constantly
evolving lineages (Love Stowell et al. 2017). However,
humans will alter the course of evolution whether we
choose to act or not. Inaction will result in the eventual
extinction of many species consisting of small fragmented
populations, along with any local adaptations they might
have. Presently, most governments stress preserving ge-
netic uniqueness and taxonomic integrity (Love Stowell
et al. 2017). This outdated approach is not scientifically
justifiable, may promote the preservation of traits asso-
ciated with inbreeding depression (e.g., the characteristic
kinked tail of the Florida panther prior to genetic rescue),
and actually increases extinction risk (Carlson et al. 2014;
Carroll et al. 2014; Weeks et al. 2016). In addition, it im-
plies that society would rather lose many at-risk popula-
tions of threatened species than risk a few failed genetic
rescue attempts. Instead, to balance the goal of preserv-
ing possible local adaptation and taxonomic integrity with
the goal of reducing extinction risk, managers must fully
consider both the risk of doing nothing and the possibility
of genetic rescue.

The survival of small, isolated populations depends on
incorporating active genetic management into conserva-
tion strategies, coupled with actions that address other
threats and improve demographic viability. Such an ap-
proach is needed to help prevent the extinction of many
thousands of small populations (Weeks et al. 2016; Love
Stowell et al. 2017) with ultimately entire species at risk.
Accordingly, we propose that if the risk of outbreeding
depression is low, the default should be to evaluate the
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costs and benefits of genetic rescue by appropriate aug-
mentation of gene flow to small inbred populations of
diploid outbreeding organisms that were isolated by hu-
man activities within the last 500 years, rather than inac-
tion. This does not imply that greater gene flow will nec-
essarily be the chosen course, but redresses the current
imbalance that the consequences of inaction are rarely
considered, and a do-nothing approach is falsely regarded
as the “safe” choice.

This policy would help avoid the dwindling of lin-
eages to extinction, as occurred with the dusky seaside
sparrow (Ammodramus maritimus nigrescens): the recom-
mended outcrossing of the last five males with females
of a different subspecies was denied and the dusky sea-
side sparrow went extinct (Love Stowell et al. 2017). A
similar fate was narrowly avoided for a unique lineage of
endangered mountain pygmy possum (Burramys parvus),

whose population has grown substantially since the im-
plementation of managed gene flow from another lineage
(Weeks et al. 2015).

Science-based genetic management
of fragmented animal and plant
populations

We emphasize that genetic management must be inte-
grated with other management actions in a comprehen-
sive species-specific plan that includes input from all rel-
evant disciplines, stakeholders and political jurisdictions,
as in the One Plan approach (Byers et al. 2013). Figure 1
shows a decision-making process for genetic manage-
ment of small, isolated populations of diploid outbreed-
ing species that were isolated by human activities within
the last 500 years. We provide a brief explanation of the

Figure 1 Aprocess formaking evidence-based geneticmanagement decisions for fragmented plant and animal populations.Modified fromFigure 10.1 in

Frankham et al. (2017).Ne is the effective population size, i.e. the number of individuals that would result in the same loss of genetic diversity, inbreeding,

genetic drift, or coalescence if they behaved in the manner of an ideal population.
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process below; comprehensive details supporting these
recommendations as well as advice on the genetic man-
agement of species with different mating systems and
ploidy levels are given in Frankham et al. (2017).

If a naturally outbreeding species of conservation con-
cern has several geographically separate populations, we
should first determine if any are small, genetically iso-
lated, and inbred. If an isolated population has a known
or inferred inbreeding coefficient of 0.1 or has lost 10% or
more of its genetic diversity (both readily estimated from
genetic marker data sets such as microsatellites, or in-
creasingly, genomewide DNA sequence-based analyses),
it should be assumed to have genetic problems requiring
management. An inbreeding level of 10% may sound like
a low threshold for intervention, but in fact it represents
a very considerable loss of fitness. Assuming an average
of 6 diploid lethal equivalents per genome (likely an un-
derestimate of the genetic load of an average naturally
outbreeding species [Hedrick & Garcia-Dorado 2016]), an
inbreeding level of 10% leads to a fitness reduction of
45% compared to a large population. For example, an
inbreeding coefficient of 0.125 in wild red deer (Cervus

elaphus) reduced lifetime breeding success (the gold stan-
dard of fitness measurement) by 82% in inbred females
and 95% in inbred males compared to those with no in-
breeding (Huisman et al. 2016). Further, as the rate of
response to selection is proportional to additive genetic
variation and approximately proportional to heterozygos-
ity, a 10% increase in inbreeding will also result in an
approximately 10% slower rate of adaption to new se-
lective pressures (Frankham 2015). This is not desirable
because given the rapid rate of anthropogenic environ-
mental change, species will need more, not less, ability to
adapt.

In addition to protecting populations from harm, there
are logistic and cost benefits of not delaying action. The
higher the level of inbreeding a population is allowed
to reach before improving gene flow, the more individ-
uals or gametes will have to be translocated to reverse
the inbreeding effects. Nevertheless, there are often still
calls for proof that inbreeding is deleterious in a specific
population before improving gene flow. This is a much
higher standard of evidence than is required for other
threats; for example, knowing that foxes eat small mam-
mals, we would not demand proof that they eat a par-
ticular endangered species of small mammal before con-
sidering measures to reduce predation by foxes. Given
the near-universal expression of inbreeding depression in
nonhaploid organisms (Keller & Waller 2002; Frankham
et al. 2011, supplemental materials), demanding proof of
inbreeding depression in each case is analogous to de-
manding proof that smoking will increase the frequency
of cancer in each human population.

Step 2 asks if there is another population to which
the inbred population can be crossed. At this point it is
crucial to distinguish between differentiation due to drift
(when genetic rescue should be considered) and differ-
entiation due to adaptation to different environmental
conditions (when separate management is usually indi-
cated), but it is common to fail to distinguish between
these. Small populations derived from a single large pop-
ulation become increasingly genetically different every
generation due to genetic drift, resulting in nonadaptive
“uniqueness,” as seen in small populations of galaxid fish
and Australian marsupials (Coleman et al. 2013; Weeks
et al. 2016). Attempting passively to preserve this random
uniqueness, rather than instituting active genetic man-
agement, increases extinction risk.

As problems with the delineations of species, sub-
species, and ESUs are common, managers and their ad-
visors should review the adequacy of existing taxonomy
before planning genetic rescue (Braby et al. 2012; Garnett
& Christidis 2017). Some species concepts identify twice
as many species as others (Agapow et al. 2004), while
plants with different numbers of sets of chromosomes
are often included in the same species, yet crosses re-
sult in sterile offspring (Pickup & Young 2008). Species
definitions that are too broad will lead to outbreeding
depression if populations are crossed; conversely, those
that are too narrow will often preclude genetic rescue
by increasing the legal and regulatory hurdles that arise
when small, isolated populations are identified as distinct.
We recommend the use of species concepts based on re-
productive isolation, such as the Biological Species Con-
cept, because they will minimize these problems, while
the Phylogenetic and General Lineage Species Concepts
should be avoided, as they are not suitable for defining
genetic management units and tend to artificially inflate
the number of species (Frankham et al. 2012). Because
data on reproductive isolation may be limited, one prag-
matic approach for sympatric populations is analysis of
genetic markers to test for restricted gene flow. Popula-
tions in allopatry present more of a challenge but in the
absence of experimental crosses or data on chromosome
number and structure, one approach is to assess the lev-
els of differentiation in genetic markers, morphology, vo-
calizations, etc. relative of those of related well-accepted
sympatric species.

Step 3 involves screening for a high risk of outbreed-
ing depression, using the decision tree in Frankham
et al. (2011). The occurrence of outbreeding depression
is largely predictable: populations that are chromosoma-
lly compatible, were isolated by human activities within
the last 500 years, and are not adapted to strongly dif-
ferent environments are at very low risk of outbreeding
depression when crossed (Frankham et al. 2011).
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Step 4 addresses the probable magnitude of the ge-
netic rescue effect. This is usually large and can be ap-
proximated from estimates of inbreeding depression. If
a population is likely to benefit from augmented gene
flow, managers should consider active genetic manage-
ment (Step 5). If the predicted benefits of active man-
agement outweigh the costs, managers may decide to at-
tempt a genetic rescue. If no genetic data are available,
management decisions on augmenting gene flow can be
based on general principles of population and conserva-
tion genetics, computer simulations using software such
as VORTEX (Lacy & Pollack 2014), or rotational schemes
in which individuals are moved between pairs of popula-
tions in a systematic fashion (Princée 1995).

Moving some individuals or their gametes will be bet-
ter than moving none; however, if molecular genetic data
or pedigrees exist, decisions should be guided quanti-
tatively by mean kinship at the population or individ-
ual level. Minimizing mean kinship (also called coances-
try) minimizes inbreeding in the next generation, and
maximizes the retention of genetic diversity (Ballou &
Lacy 1995). Currently, captive populations worldwide
are routinely managed by minimizing mean kinship, but
most wildlife managers and plant conservationists still
rely on FST. However, FST and related parameters can
be extremely misleading in understanding and moni-
toring distinctiveness because of their high sensitivity
to levels of genetic diversity within populations (Jost
2008). FST will usually be highest to inbred populations,
and low to populations that have ample genetic diver-
sity even if they are more divergent. Indeed, a popu-
lation that has a high FST with a population it is de-
signed to rescue may often be the worst choice owing
to low genetic variation, leading to low rescue of het-
erozygosity and rapid resurgence of inbreeding (Coleman
et al. 2013; Weeks et al. 2016). For example, using max-
imum FST as the criterion for choosing a source popu-
lation leads to the incorrect conclusion that the highly
inbred Florida panther population, with no unique alle-
les, would be the preferred source to genetically augment
any of the other subspecies of puma, whereas minimiz-
ing mean kinship does not make this mistake (Frankham
et al. 2017).

Operationally, increasing gene flow to achieve useful
and lasting genetic rescue as part of securing the future
of populations is complex and context-specific. Different
species present their own challenges flowing from the de-
tails of species biology and the realities of the conserva-
tion situation. These practical issues require application
of knowledge and resources from those familiar with the
species and a range of academic disciplines: many of these
issues are subject to detailed practical advice in Frankham
et al. (2017).

Finally, climate change is increasing the need for ge-
netic management, because many species will not be able
to adapt to changing conditions in their existing habitat
and cannot move on their own to more suitable locations
(Hoffmann & Sgrò 2011). In the most severe cases, it may
be necessary to cross a population to a related species, or
translocate individuals to a location outside of the species’
historic range. Guidelines for dealing with these cases are
provided in Hoffmann & Sgrò (2011).

The current reluctance to consider genetic rescues in
conservation settings is not scientifically justified. Given
the continuing declines in population size and extinc-
tions of fragmented plant and animal populations, we
recommend a much broader use of augmented gene flow,
as part of an integrated approach to conservation man-
agement, to enhance fitness, population persistence, and
evolutionary potential in small inbred populations of out-
breeding species, and ultimately to reduce population and
species extinctions.
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