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Abstract 
Genetic management is well established as an essential component of threatened species management. In small populations, dete- 

riorating genetic health—such as increases in inbreeding and losses of genetic diversity—becomes an important cause of extinction. 

Cost-effective genetic management practices exist, but a lack of awareness limits widespread application. We provide seven reasons 

threatened species managers must consider genetic health, each of which can be read in under 5 min. These reasons are intended to 

be a synthesis for a broader audience than is generally reached by specialist scientific literature. Consequently, we aim to empower 

threatened species’ managers, agencies, and policymakers to recognize the relevance of genetic health to the species under their re- 

sponsibility and to actively seek the support of conservation genetics experts. 
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lobally, extinctions are occurring at an alarming frequency—far 
bove the long-term natural background extinction rate. At least 680 
ertebrate species have become extinct due to human actions since 
500, and an estimated one million species now face extinction (IPBES 
019 ). A recent estimate puts the cost of preventing extinction for 
nly 99 priority Australian species at approximately USD$10.06 bil- 
ion per year for 30 years, comparable to 1% of Australia’s GDP per 
ear (Ward et al. 2025 ). In addition, conservation around the world 
s severely underfunded, hampering conservation efforts for most 
hreatened species (Waldron et al. 2013 , Wintle et al. 2019 , Eberhard 
t al. 2022 ). In this resource-poor context, it is necessary to identify the 
ain threats to species and to implement the most appropriate, cost- 
ffective, and feasible conservation strategies to address them (Ward 
t al. 2021 ). 

The most serious threats to species are commonly identified as envi- 
ronmental factors: habitat loss, disease, invasive species, and climate 
change (Ward et al. 2021 , Hogue and Breon 2022 ). However, once a 
species is already threatened, genetic health can become one of the 
most critical considerations for species’ survival or extinction (Ralls 
et al. 2018 , Kardos et al. 2021 ). “Genetic health” refers to the genetic 
characteristics of a population that directly affect extinction risk and 
survival. Box 1 introduces, with definitions, the five key metrics of “ge- 
netic health.” It is generally overlooked that poor genetic health can 
become one of the most threatening processes affecting wild popu- 
lations (Ralls et al. 2018 , Kardos et al. 2021 ). There is also a percep- 
tion that genetic issues are difficult and expensive to fix (Taylor et 
al. 2017 , Cook and Sgro 2018 ). However, as we outline, strategies for 
genetic management are cost-effective, with large benefits for indi- 
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idual fitness, population growth, and species resilience (Frankham 

015 , Weeks et al. 2017 , Fitzpatrick et al. 2020 ). 

BOX 1: Definitions for the five key metrics of genetic 
health. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Metric Importance to genetic health 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Genetic 

diversity 

High genetic diversity contributes to good genetic health. 

Genetic diversity is the extent of genetic variation in an 

individual, population, or species (e.g., heterozygosity 

or allelic richness). It can be rapidly lost in small, 

isolated populations. Without genetic diversity, 

populations have a reduced ability to adapt to other 

threats, and an increased extinction risk (Frankham 

2005 , 2015 , Allendorf et al. 2022 ). For basic genetic 

health assessments, we emphasize the value of 

measuring neutral genetic diversity over functional 

genetic diversity because of the difficulty in measuring 

and identifying which functions are important now or in 

the future (Kardos et al. 2021 ). 

Inbreeding Low levels of inbreeding contribute to good genetic 

health. Inbreeding is the mating of genetically related 

individuals, which leads to their offspring inheriting 

duplicate copies of harmful alleles that are usually 

hidden in outbred populations (i.e., populations where 

mating occurs between unrelated individuals). The 

resulting loss of fitness is known as inbreeding 

depression and is usually unavoidable in small, isolated 

populations. Inbreeding depression has direct 

consequences for both individual fitness and increases 

a populations’ extinction risk (Frankham et al. 2010 ). 

Kinship Low mean kinship contributes to good genetic health. 

Kinship is very similar to the idea of genetic relatedness. 

In the context of genetic health, kinship is considered 

one of the best ways to measure genetic similarity 

between individuals, between populations, and 

throughout populations (Frankham et al. 2017 ). When 

crossing individuals or populations, kinship allows the 

risks of inbreeding and gains in genetic diversity to be 

predicted (i.e., higher kinship between breeding 

individuals means inbreeding will be higher and little 

new genetic diversity will be contributed (Frankham et 

al. 2017 ). 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Continued 

Metric Importance to genetic health 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Genetic 

connectiv- 

ity 

High genetic connectivity contributes to good genetic 

health. Genetic connectivity is the ability for individuals 

or their gametes to move between populations and 

contribute genetically to those populations. Isolated 

populations have low or no connectivity and are at 

higher risk of losses of genetic diversity and increases 

in inbreeding. Conversely, increased genetic 

connectivity can recover genetic diversity and reduce 

inbreeding (Frankham 2022 ). Understanding genetic 

connectivity is often a first step in a genetic health 

assessment because it is required to define the 

populations and population structure in the 

assessment (Frankham et al. 2017 ). 

Effective 

population 

size ( Ne ) 

High effective population size contributes to good genetic 

health. This is a number representing the size of an 

idealized population that would account for the 

observed rate of loss of genetic diversity (or the rate of 

increase of inbreeding) in a real population (Frankham 

et al. 2010 , Waples 2025 ). A common misconception is 

that Ne is “the number of adults who contribute to the 

next generation” (Waples 2022 ). Instead, several 

characteristics of a population contribute to the rate of 

loss of genetic diversity and thus determine Ne (e.g., 

census size, variation in population size over 

generations, variation in reproductive success, sex ratio, 

etc.). As such, effective population size is far more 

important to genetic health than census size (“Nc ”; 

Frankham 1995 , Waples 2022 , 2025 ). The ratio between 

the two varies widely (Waples et al. 2013 ), but effective 

population size estimates generally average about 

one-tenth of the census population size (Frankham 

2021 ). 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Despite the long-known consequences of poor genetic health for
threatened species, the concept is often left out of conservation policy,
plans, and activities. This is frequently referred to as the “conserva-
tion genetics gap” (Klütsch and Laikre 2021 ). As an example of this
gap, only 7% of species’ recovery plans across Australia, Europe, and
the United States mentioned inbreeding, despite its role in species’
extinction risk (Pierson et al. 2016 ). Similarly, Cook and Sgro ( 2017 )
found that less than half of Australian conservation policy documents
mentioned the basic concept of genetic diversity. Conservation man-
agers generally agree that, despite having a positive view of genetics,
they rarely integrate genetic concepts into conservation, let alone di-
rectly address genetic issues (Taylor et al. 2017 , Cook and Sgro 2018 ).
Based on surveys of both conservation managers and scientists, the
key reasons for this gap seem to be underfunding of conservation,
the need for detailed genetic knowledge, rapid advances in genetic
methods, and ineffective communication between managers and sci-
entists. Consequently, many managers still report that the benefits and
applicability of genetic management need to be demonstrated to them
(Taylor et al. 2017 , Cook and Sgro 2018 , Taft et al. 2020 ). 
However, the responsibility for genetic management is not just on

conservation managers. Many aspects of threatened species manage-
ment other than conservation genetics depend on scientists or other
specialists to bring expert knowledge and keep abreast of advances;
for example, pathology and epidemiology, population viability analy-
sis, species distribution modeling, invasive species management, and
habitat restoration (e.g., Cook et al. 2013 , Walsh et al. 2015 , Cook and
Sgro 2017 , Jellinek et al. 2021 ). Conservation managers are not ex-
pected to be experts in any of these areas. Instead, their role is to
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Table 1. Seven reasons why threatened species managers must consider genetic health. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

No. Reason 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1 Threatened species are likely to have poor genetic health. 
2 Poor genetic health substantially increases extinction risk. 
3 Management actions to improve genetic health are simple, reliable, and evidence-based. 
4 Arguments for keeping populations separated need to be re-assessed in light of current evidence. 
5 Genetic management can be a money- and time-saving conservation tool. 
6 Sample collection for genetic health assessments can have low ethical and environmental impacts. 
7 Genetic health assessments do not require the most recent, most expensive, cutting-edge technologies. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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nderstand the importance of each topic as well as some of the fun- 
amental concepts so that they can navigate the complex logistics of 
ecision-making, stakeholder engagement, and implementing the re- 
ulting conservation actions. Strong collaboration between conserva- 
ion managers and scientists is therefore a prerequisite for effective 
onservation actions (Cook et al. 2013 , Shaw et al. 2024 ). 
Fortunately, there are some excellent examples of genetic manage- 
ent in conservation implemented through collaboration between 
onservation managers and scientists (Garner et al. 2016 , Shaw et 
l. 2024 ). This includes African Lion ( Panthera leo ; Miller et al. 2020 ); 
rown’s Banksia ( Banksia brownii ; Dillon et al. 2023 ); California Con- 
or ( Gymnogyps californianus ; Ralls and Ballou 2004 ); Eurasian Beaver 
 Castor fiber ; Taylor et al. 2024 ); Giant Panda ( Ailuropoda melanoleuca ; 
an et al. 2024 ); Golden Lion Tamarin ( Leontopithecus rosalia ; Magro 
oraes et al. 2023 ); Helmeted Honeyeater ( Lichenostomus melanops ; 
avlova et al. 2023 ); and Macquarie Perch ( Macquaria australasica ; 
avlova et al. 2024 ). Despite these great cases, the window of oppor- 
unity is quickly closing for the many threatened species on the brink 
f extinction, and action is needed in the next few years (Ralls et al. 
018 , IPBES 2019 ). 

Aims of this paper 

rawing on compelling scientific evidence, we aim to provide con- 
ervation managers with easy-to-understand reasons to begin genetic 
anagement. The genetic management options we recommend often 

nvolve simple, cost-effective remedies to serious genetic problems. 
lthough many conservation managers may seek further knowledge, 
ur goal is that conservation managers reading this will simply rec- 
gnize the importance of genetic health and the efficacy of genetic 
anagement at all levels of threatened species management. And con- 
equently, that conservation managers are encouraged to collaborate 
ith scientists to implement genetic management. 
This paper focuses on genetic health (defined in box 1 ), as differenti- 
ted from other aspects of conservation genetics such as the important 
se of genetics to delineate species prior to undertaking genetic health 
ssessments (e.g., using phylogenetics; Allendorf 2017 , Frankham et al. 
017 ). In addition, this paper is a synthesis rather than a full review, 
o we include reference to a sample of more detailed resources suited 
o multiple levels of application and experience, enabling managers 
o find information that is most relevant to their context. 
Here, we outline seven reasons why genetic health must receive 
reater consideration by conservation managers (listed in table 1 ). 
eason 1 explains the ubiquity of poor genetic health in threatened 
pecies. Building on this, Reason 2 outlines the risks of ignoring these 
enetic factors and highlights that poor genetic health can become 
he single biggest threat to species persistence. Fortunately, “genetic 
anagement” provides large benefits for individual fitness, popula- 

tion growth, and species resilience, as described in Reason 3. Reason 
4 addresses the long-held perception that genetically distinct popu- 
lations need to be managed separately, and summarizes why current 
evidence generally suggests otherwise. In Reason 5, we show that “ge- 
netic management” is well established to be cost-effective, thereby 
busting the common misconception that genetic tools are too costly. 
Reasons 6 and 7 deal with practicalities, showing that sample collec- 
tion for genetic health assessments can have low ethical and environ- 
mental impacts, and that genetic health assessments do not require 
the most recent, cutting-edge, or complex genetic techniques. 

Reason 1: Threatened species are likely to have poor 
genetic health 

Threatened species must be assessed for genetic health risks. Losses of 
genetic health occur in small, fragmented populations, and threatened 
species typically have small and/or declining populations (Frankham 

et al. 2017 , Allendorf et al. 2022 ). In a meta-analysis of 170 threat- 
ened species, Spielman and colleagues ( 2004 ) found that threatened 
species had, on average, 35% lower genetic diversity compared to re- 
lated non-threatened species. As outlined in Reason 2, loss of genetic 
diversity and the resulting increase in inbreeding reduces individual 
fitness and contributes to extinction risk. This is even more the case in 
many threatened species due to increased genetic relatedness within 
populations, where “population” is defined as a group of individuals 
of the same species that live close enough together that mating is pos- 
sible (Waples and Gaggiotti 2006 ). 
Most species will respond similarly to poor genetic health, includ- 

ing land plants, invertebrates, amphibians, reptiles, mammals, and 
birds, provided they have a similar mating system (e.g., naturally out- 
breeding, not self-fertilizing) and mode of inheritance (e.g., diploid 
rather than polyploid, haplodiploid, or asexual; Roff 1997 , Crnokrak 
and Roff 1999 , Keller and Waller 2002 , Angeloni et al. 2011 , Frankham 

et al. 2017 , 2019 ). Hence, generalizations from other well-researched 
species can reasonably be used to guide decision-making with respect 
to the genetic health of threatened species (e.g., Frankham et al. 2014 , 
2017 , Kriesner et al. 2019 ). For discussions of genetic health in species 
with diverse mating systems and modes of inheritance, see Dudash 
and Murren ( 2008 ), Severns and Liston ( 2008 ), Zayed ( 2009 ), Weeks 
and colleagues ( 2011 ), and Frankham and colleagues ( 2026 ). 
It is not advisable to wait until the consequences of genetic health 

(i.e., inbreeding depression or the inability to adapt) are detected in 
a threatened species before acting. Even in severe cases, inbreeding 
depression cannot easily be detected without a rigorous study de- 
sign, sufficient statistical power, and data on total fitness (Keller and 
Waller 2002 , Harrisson et al. 2019 , Ralls et al. 2020 ). Detection can even 
be difficult for species in breeding programs with pedigrees (Kali- 

nowski and Hedrick 1999 ). Hence, genetic health assessments should 
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Figure 1. Examples of the effect of inbreeding depression on fitness traits in wild species of animals and plants, as reviewed in Frankham and colleagues 
( 2010 , 2017 ). All examples are measured as a percentage difference in a fitness trait between inbred (to the level found in the offspring of a mating 
between full siblings) and outbred offspring reared in similar environments. “Total fitness” refers to estimates of the total number of adult offspring 
an individual produces in their lifetime. “Component of fitness” refers to any life history trait that contributes to total fitness, such as fertility or survival 
to a particular age. Across these examples, estimates of inbreeding depression in total fitness are on average greater than those for individual fitness 
components, following the expected pattern that component measures underestimate the full impact of inbreeding on overall fitness (Huisman et al. 
2016 , Frankham et al. 2017 , Harrisson et al. 2019 ). Further, in many cases, the degree of inbreeding depression in this figure is likely an underestimate 
because (a) studies on birds have not accounted for extra-pair paternity, and (b) studies on plants (and the Collared Flycatcher) did not include the 
contributions of maternal inbreeding to the reduction in total fitness (Frankham et al. 2017 ). 
Studies of total fitness as reviewed in Frankham and colleagues ( 2017 ), from left to right: Red Deer ( C. elaphus ; Huisman et al. 2016 ), Collared Flycatcher 
( F. albicollis ; Kruuk 2004 ), Great Tit ( Parus major ; Szulkin et al. 2007 ), Song Sparrow ( M. melodia ; Keller 1998 ), South Island Takahē ( P. hochstetteri ; Grueber 
et al. 2010 ), Deerhorn Clarkia ( C. pulchella ; Newman and Pilson 1997 ), Rose Pink Plant ( Sabatia angularis ; Dudash 1990 ), and Wild Radish ( Raphanus 
raphanistrum sativus ; Nason and Ellstrand 1995 ). 
Studies of components of fitness from Abplanalp ( 1990 ) and Roff ( 1997 ) as reviewed in Frankham and colleagues ( 2010 ), from left to right: Prairie 
Deer Mouse ( Peromyscus maniculatus bairdii ; litter size and survival to weaning; Hill 1974 , Haigh 1983 ), House Mouse ( Mus musculus ; litter size, body 
weight, and nesting behavior; Lynch 1977 ), Japanese Quail ( Coturnix japonica ; reproduction and survival, fertility, survival 0–5 weeks, and body weight; 
Sittmann et al. 1966 ), Chukar Partridge ( Alectoris chukar ; reproduction and survival, egg production, and body weight; Abplanalp 1990 ), Rainbow Trout 
[ Oncorhynchus mykiss ; hatchability ( n = 3), fry survival ( n = 2), and weight at 150 days; Kincaid 1976a , 1976b , Gjerde et al. 1983 ]; Zebra Fish ( Danio rerio ; 
hatchability, survival to 30 days, and length at 30 days; Mrakovčǐc and Haley 1979 ); Channel Catfish ( Ictalurus punctatus ; hatchability, body weight at 4 
weeks, and body weight at 12 weeks; Bondari and Dunham 1987 ). 
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e conducted based on likely risk, and detailed risk assessment guide- 
ines are presented by Frankham and colleagues ( 2017 , 2019 ; also see 
avlova et al. 2025 ). The presence of small, isolated populations (e.g., 
ewer than 1000 adult individuals) can serve as a simple trigger for 
onservation managers to seek expert guidance for assessing genetic 
ealth and beginning genetic management (Frankham et al. 2014 ). 
ost threatened species globally will need genetic management to 
void extinction of at least some of their populations (Frankham et 
l. 2017 , Ralls et al. 2018 ). 

Reason 2: Poor genetic health substantially increases 
extinction risk 

oor genetic health must be considered alongside habitat loss, inva- 
ive species, disease, and climate change as a major threat to biodiver- 
ity. This is because it severely affects fitness, adaptability, vulnerabil- 
ty to other threats, and extinction risk as a direct result of an increase 
n inbreeding and a loss of genetic diversity (Frankham et al. 2017 ). 
Just as in Humans (Ceballos and Álvarez 2013 ), breeding between 

elated individuals (inbreeding) leads to substantial decreases in fit- 

ness, as measured by impacts on survival, testes development and
sperm quality in males, female fecundity, cognition, and resistance
to infectious diseases (e.g., Roelke et al. 1993 , Coltman et al. 1999 , Fitz-
patrick and Evans 2009 , Colpitts et al. 2024 , Gavriilidi and Van Lin-
den 2024 ). Although individual abnormalities are easily observable
in inbred individuals, the full consequence of inbreeding depression
is a decrease in reproductive output over an individual’s entire life-
time (“total fitness”; Huisman et al. 2016 , Harrisson et al. 2019 ). These
fitness decreases are typically substantial (see figure 1 , e.g.), with in-
breeding experienced by the offspring of a mating between full sib-
lings resulting in > 70% decrease in the total fitness of Song Sparrow
( Melospiza melodia ) and South Island Takahē ( Porphyrio hochstetteri )
and > 90% decrease in the total fitness of Red Deer ( Cervus elaphus ),
Collared Flycatcher ( Ficedula albicollis ), and Deerhorn Clarkia plant
( Clarkia pulchella ). 
The loss of individual fitness due to inbreeding causes a reduc-

tion in population growth that increases extinction risk (Frankham
2005 , O’Grady et al. 2006 ). A well-studied field example is that of
the reintroduced populations of threatened Glanville Fritillary But-
terfly ( Melitaea cinxia ), where two-thirds of the non-inbred butterfly
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opulations—but none of the inbred populations—survived through 
heir first winter (Nieminen et al. 2001 ). Given that reproductive out- 
ut and extinction risk are the metrics most relevant to managers of 
hreatened species, inbreeding must be high on the priority list of con- 
ervation risks to manage and mitigate. 
In addition to the impacts of inbreeding, a loss of genetic diversity 
eightens extinction risk by reducing a population’s resilience to chal- 
enges such as heat waves, cold snaps, droughts, floods, habitat dis- 
urbance, new disease strains, or the introduction of invasive species 
Frankham et al. 2019 , Allendorf et al. 2022 ). In genetically diverse 
opulations, individuals show variation in their ability to respond to 
ifferent environmental challenges, with those better suited to the 
ew environment surviving, meaning that the population can persist. 
his is the process of adaptation through natural selection. In contrast, 
ow genetic diversity reduces the range of conditions in which individ- 
als within a population can tolerate and persist (Frankham 2005 ). In 
 laboratory experiment, genetically diverse populations of Least Kil- 
ifish ( Heterandria formosa ) were able to adapt to high temperatures 
ver four generations, but bottlenecked populations with lower ge- 
etic diversity showed a reduced ability to adapt (Klerks et al. 2019 ). 
imilarly, coastal populations of Golden Kelp ( Ecklonia radiata ) with 
igh genetic diversity were more likely to survive a marine heat wave 
han lower diversity populations (Wernberg et al. 2018 ). Hence, in the 
ong term (i.e., over generations), genetic diversity is a fundamental 
equirement for species to adapt to new and challenging conditions 
hrough natural selection (Kardos et al. 2021 ). 
The contribution of genetic factors to extinction risk is not a new 

dea and has been extensively demonstrated across laboratory, field- 
ased, and simulation studies (Keller and Waller 2002 , Frankham 

005 ). As such, poor genetic health must be thoroughly assessed along 
ith other likely threats to a species, such as habitat loss, invasive 
pecies, and bushfires (Ralls et al. 2018 ). 

Reason 3: Management actions to improve genetic 
health are simple, reliable, and evidence-based 

oor genetic health is the detrimental outcome of increased inbreed- 
ng and loss of genetic diversity in small, isolated populations (Rea- 
on 2). In populations with poor genetic health, the practice of “aug- 
ented gene flow” can restore genetic health simply and rapidly 

Weeks et al. 2011 , Frankham et al. 2017 ). Augmented gene flow in- 
olves moving unrelated individuals into a potentially inbred group, 
hether that is into a geographically isolated family group, or into 
n entirely different population (Weeks et al. 2011 ). Restoring effec- 
ive movement corridors also has the same effect, but over longer 
ime scales. When successful, augmented gene flow results in an 
ncrease in population fitness known as a “genetic rescue” (Weeks 
t al. 2011 ). The benefit can be maximized by sourcing individuals 
hat are genetically diverse and with very low genetic similarity to 
he target group (as measured by kinship), such as from a larger, 
nrelated population. Sourcing individuals without regard for their 
ontribution to genetic health (e.g., using individuals from poorly 
anaged breeding programs) will not achieve the same benefit, but 
ight be better than doing nothing if there are no other options 

Frankham 2015 , Grueber 2017 ). 
Augmented gene flow does not require the movement of large num- 
ers of individuals; rather, the regular movement of small numbers 
f individuals (e.g., tens of adults per generation) between popula- 
ions can be ideal (Weeks et al. 2011 , Frankham et al. 2019 ). Even 

once-off movements of small numbers of individuals can have mea- 
surable improvements to genetic health. Weeks and colleagues ( 2017 ) 
report significant short-term improvements to fitness and genetic di- 
versity in a population of Mountain Pygmy Possum ( Burramys parvus ) 
after the introduction of six unrelated males. Similarly, Florida Pan- 
ther ( Puma concolor coryi ) saw improvements to juvenile survival, ge- 
netic diversity, inbreeding, and population growth after the introduc- 
tion of only eight unrelated adults (Johnson et al. 2010 , Hostetler et 
al. 2010 , 2012 ). Even a single immigrant can, to some degree, reduce 
inbreeding and benefit reproductive fitness in a small, isolated pop- 
ulation (e.g., Spielman and Frankham 1992 ). Published recommen- 
dations exist for determining the optimum number of individuals to 
use in augmented gene flow, which can vary based on the size of the 
source and recipient populations, the severity of inbreeding, and the 
desired duration of impact (Weeks et al. 2011 , Frankham et al. 2019 , 
Pavlova et al. 2025 ). 
Research into augmented gene flow shows that it is a very reli- 

able management practice in a range of scenarios and can cause a 
large and persistent genetic rescue (Grueber 2017 ). A meta-analysis by 
Frankham ( 2015 ) assessed cases of augmented gene flow into inbred 
populations that had a low risk of outbreeding depression (based on 
an outbreeding depression screen from Frankham et al. (Frankham 

et al. 2011 )). The meta-analysis showed that 93% of 156 applications 
of augmented gene flow successfully increased fitness, with a me- 
dian increase of 162.5% in total fitness for cases of wild populations 
(Frankham 2015 ). In contrast, the cost of not performing a necessary 
augmented gene flow can be catastrophic, with studies showing that 
small, inbred populations have lower population growth and a height- 
ened extinction risk compared to those that receive augmented gene 
flow (Westemeier et al. 1998 , Weeks et al. 2011 , Harrisson et al. 2016 , 
2017 , Trask et al. 2019 ). We acknowledge that genetic health is only 
one aspect of a threatened species recovery program. However, man- 
agement strategies that reduce ecological threats and improve pop- 
ulation size may have only a limited effect on extinction risk if not 
applied simultaneously with augmented gene flow (e.g., Westemeier 
et al. 1998 , Hufbauer et al. 2015 , Trask et al. 2019 , Encinas-Viso et al. 
2024 ). Augmented gene flow therefore must be considered as a top 
priority tool by conservation managers of threatened species (Ralls 
et al. 2018 ). Early implementation is recommended, with the aim of 
creating resilient multi-source populations, with sufficient gene flow 

either augmented (Pavlova et al. 2025 ) and/or achieved through other 
recovery actions such as increased habitat connectivity or threat re- 
duction. 

Reason 4: Arguments for keeping populations 
separated need to be re-assessed in light of current 

evidence 

There is compelling evidence supporting the importance of genetic 
health (see Reasons 1 and 2) and the benefits of augmented gene flow 

between populations (see Reason 3). Once conservation managers 
identify that a population or species might benefit from genetic man- 
agement, experts can support them in accurately determining the best 
course of action and appraising likely outcomes. Furthermore, simple 
decision-making trees and risk assessment tools have been developed 
that support conservation managers in determining which species 
might benefit (e.g., Weeks et al. 2011 , Hoffman et al. 2015 , Frankham 

et al. 2019 , Kriesner et al. 2019 , Fitzpatrick et al. 2023 ). However, sev- 
eral barriers to evidence-based genetic management still exist based 
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rimarily on the perception that it is bad to mix different populations, 
specially if they are believed to be ecologically or evolutionarily “dif- 
erent” (Love Stowell et al. 2017 , Ralls et al. 2018 , Liddell et al. 2021 ). 
uch of this resistance can be linked to a few simple misconceptions 

hat are not supported by current evidence. For example, “outbreed- 
ng depression” is a loss of fitness caused by mixing individuals that 
ave a high level of evolutionary divergence (e.g., between different 
pecies). Although outbreeding depression is real, the concept is often 
isapplied, preventing evidence-based assessments that would have 
ecommended augmented gene flow (Ralls et al. 2018 , Liddell et al. 
021 ). We briefly summarize this and other misconceptions in table 2 . 
ltimately, using a simple screen for outbreeding depression—as pro- 
osed by Frankham and colleagues (2011) and tested by Frankham 

 2015 )—will ensure the benefits of increased fitness from augmented 
ene flow will outweigh the risks. 

Reason 5: Genetic management can be a money- and 

time-saving conservation tool 

 lack of resources hampers threatened species and biodiversity 
anagement (Craigie and Pressey 2022 ). As a result, a lack of fund- 

ng is considered a huge barrier to the implementation of genetic 
anagement (Cook and Sgro 2018 ). Yet genetic health assessments 
re not as expensive as generally perceived, and augmented gene 
ow can yield highly cost-effective conservation outcomes com- 
ared to other recovery actions (Hufbauer et al. 2015 , Weeks et al. 
017 , Ralls et al. 2018 , Trask et al. 2019 ). This is because of the 
ollowing: 

a) Unlike other more common forms of conservation management, 
the direct benefits to fitness of improving genetic health are large, 
predictable, immediate, and persistent (see Reason 3; Frankham 

2015 , Ralls et al. 2018 , Frankham et al. 2019 ). Augmented gene 
flow also has low risk provided the likelihood of outbreeding de- 
pression is assessed using evidence-based guidelines (see Reason 
4; Frankham et al. 2011 , Frankham 2015 ). 

b) Conservation managers can export many of the costs and 
workload of genetic health assessments by collaborating with 
university-based researchers, who are proficient at obtaining 
grants and can take on much of the analysis in-kind as a collabora- 
tion or as training for research students (Hogg et al. 2022 , Bertola 
et al. 2023 ). 

c) Genetic data can provide information, such as kinship, barriers 
to connectivity, and effective population size, that would be time- 
consuming, difficult, or impossible to obtain from non-genetic ap- 
proaches (Kardos et al. 2016 , Brandies et al. 2019 , Waples 2022 ). 
Meanwhile, genetic sampling of individuals can (and should) take 
place during other conservation activities, reducing the costs of 
double-handling. 

d) Genetics-informed conservation actions can be more efficient 
at achieving pre-existing conservation goals. For example, ge- 
netic studies can reveal where habitat restoration would be 
most valuable, and whether the restoration provided connectiv- 
ity (Thomas et al. 2022 , Bertola et al. 2023 ), the optimal breed- 
ing strategy for a captive population (Harrisson et al. 2019 , Scott 
et al. 2020 ), which captive-born individuals to use in a reintro- 
duction (Magro Moraes et al. 2023 ), and whether translocated 
individuals have actually bred with the recipient population 
(Taylor et al. 2024 ). 

(e) There are many ways to begin genetic management with limited
or no genetic data (Frankham et al. 2019 , O’Brien et al. 2022 ),
even if based simply on identifying small, isolated populations
(e.g., fewer than 1000 adult individuals). At the very least, this can
involve a triage of priority species before allocating available re-
sources (Kriesner et al. 2019 , O’Brien et al. 2022 , Fitzpatrick et al.
2023 ). National and international repositories of pre-existing ge-
netic data are also available (Hogg et al. 2024 ). 

Conservation managers can therefore look at genetic health assess-
ments and genetic management as a low-cost opportunity. To assist
with this, it is important that researchers publish standardized cost-
effectiveness analyses of various management actions, so their bene-
fits and affordability can be clearly assessed by managers (Cook et al.
2017 ). 

Reason 6: Sample collection for genetic health 

assessments can have low ethical and environmental 
impacts 

Conservation managers have valid concerns about the impacts of
collecting samples for genetic health assessments; in particular, the
potential harm to sampled individuals (Soulsbury et al. 2020 ). An
important, overarching consideration regarding this concern is the
minimum number of samples required for informative estimates of
genetic health. To give readers an indication of approximate min-
imum sample sizes per population, figure 2 summarizes a limited
number of studies focused on sample size determination. Impor-
tantly, even small sample sizes (e.g., six individuals per popula-
tion) can give accurate estimates of heterozygosity. Other key genetic
health metrics require larger sample sizes, with estimates becom-
ing more accurate at around sample sizes of 20–25 individuals per
population. 
In terms of obtaining samples, there are two important considera-

tions. First, many museums now have large frozen tissue collections
that can form the basis of genetic health assessments. Second, progress
in technology and practice is lowering the ethical impact of genetic
sampling on animals through a reduction in the amount of tissue re-
quired and consequently how that might be obtained. We focus on
this here. For many genetic datasets [including single nucleotide poly-
morphisms (SNPs); see Reason 7 for a discussion of the types of genetic
datasets], it is now possible to use very small tissue samples (less than
20 mg), rather than larger samples (e.g., toe-clipping, large biopsies,
or blood samples) that involve greater physiological stress (Langkilde
and Shine 2006 , Narayan et al. 2011 , Fisher et al. 2013 ). Ample DNA
can be obtained non-lethally from samples as small as a fraction of
a frog toe pad (e.g., Bertola et al. 2023 ), the tip of a tadpole tail (Oth-
man et al. 2020 ), hair roots and saliva of a mammal (e.g., Colpitts et al.
2024 ), the feathers of a bird (e.g., Doyle et al. 2016 ), and the leg of an
insect (e.g., Kozlov et al. 2017 ). Suitable DNA can also be obtained from
larvae, feces, hair, buccal swabs, and skin mucus swabs (e.g., Scheet et
al. 2012 , Othman et al. 2020 , Schmidt et al. 2020 , Lefort et al. 2022 ,
Massault et al. 2022 ). 
The development of a reference genome (which is not required

for genetic health assessments, see Reason 7) sometimes requires dif-
ferent sampling considerations in order to obtain high-quality DNA,
such as flash-freezing tissue, storage at or below −80◦C, and obtain-
ing nucleated blood or organ tissue, which may require the death of
an individual (Brandies et al. 2019 , Dodge et al. 2023 , Howard et al.
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Table 2. Some typical misconceptions and their corresponding clarifications regarding mixing populations for the purpose of augmented 
gene flow. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Misconception Clarification 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Augmented gene flow will swamp 
important local adaptation (Weeks et al. 
2016 , Love Stowell et al. 2017 ). 

Augmented gene flow is more likely to maintain local adaptation than keeping the 
population isolated (Fitzpatrick et al. 2020 , Zilko et al. 2021 ). Careful planning is required 
to ensure the amount of gene flow is controlled and monitored. Meanwhile, backcrossing 
and natural selection ensure that beneficial traits are maintained in any particular 
environment (Frankham et al. 2017 , Weeks et al. 2017 ). 

Augmented gene flow will erode a 
population’s uniqueness or distinctiveness 
(Weeks et al. 2016 , Love Stowell et al. 2017 ). 

The idea that a population’s uniqueness makes it more “natural” or “pure” is not 
biologically realistic (Love Stowell et al. 2017 ). Genetic uniqueness can be an artifact of 
inbreeding itself as well as anthropogenic isolation (Weeks et al. 2017 ). Protecting a 
population’s distinctiveness may directly result in extinction (Frankham et al. 2017 , Weeks 
et al. 2017 ). 

Hybridization between lineages, 
sub-species, or evolutionary significant 
units (ESUs) to alter their genetics is 
“unnatural” (Love Stowell et al. 2017 , Zander 
et al. 2021 ). 

Within-species units (e.g., sub-species, lineages, and ESUs) can be based on 
inconsistent or misleading definitions (Frankham et al. 2017 ). Hybridization between 
these units, and even between species, occurs frequently in nature (Payseur and Rieseburg 
2016 , Ottenburghs 2019 ) and can be essential for the transfer of adaptive alleles in wild 
populations (Hedrick 2013 , Suarez-Gonzalez et al. 2018 , Giska et al. 2019 ). In conservation 
settings, hybridization between within-species units can reverse poor genetic health (e.g., 
Pavlova et al. 2023 ). Poor genetic health is itself often unnatural as it is typically a result of 
human-caused isolation and habitat fragmentation (Frankham et al. 2017 ). 

Outbreeding depression is a major risk of 
mixing populations (Ralls et al. 2018 , Liddell 
et al. 2021 ). 

The occurrence of outbreeding depression is predictable, and when present is often 
still outweighed by the benefits of restoring genetic health (Frankham et al. 2011, 
Frankham 2015 ). Augmented gene flow is mainly recommended for recently isolated 
populations (less than 500 years; Frankham et al. 2011) to lower this risk. But where 
necessary, experimental attempts at augmented gene flow have been successful (i.e., 
resulted in genetic rescue) between lineages that diverged 10,000 years ago (Wells et al. 
2019 ), 20,000 years ago (Weeks et al. 2017 ), and even 50,000 years ago (Pavlova et al. 2023 ). 

The survival of some small, isolated 
populations proves that they can be 
“purged” of harmful genetic load, that 
inbreeding depression does not exist in 
many cases, or that augmented gene flow 

from genetically diverse populations is 
ill-advised (Ralls et al. 2020 ). 

The few observations of these situations are a result of “survivorship bias.” Poor 
genetic health increases extinction risk, but the temporary survival of a few 

populations out of many is always possible (Reed 2010 , Ralls et al. 2020 ). There is little 
evidence that purging is effective enough to fully eliminate dangerous levels of inbreeding 
depression (Leberg and Firmin 2008 , Grossen et al. 2020 , Ralls et al. 2020 , Kardos et al. 
2023 ). Furthermore, inbreeding depression is difficult to detect in affected populations 
without a rigorous study design, sufficient statistical power, and data on total fitness (Ralls 
et al. 2020 ). It is even more difficult to detect in captive populations, where conditions are 
benign even for inbred individuals (Frankham 2015 ). Inbreeding depression can be 
assumed to be present for any sexually reproducing species that has become inbred (Ralls 
et al. 2020 ). 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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025 ). Fortunately, this requirement is easing as the technology de- 
elops (Howard et al. 2025 ). 
Finally, it is helpful to recognize that much greater scrutiny is of- 

en given to tissue sampling for genetic studies than to the ethical 
mpacts of routine capture and handling (e.g., for survey, monitor- 
ng, mark-recapture, disease surveillance). The impacts of trapping, 
andling, confining, or removing an animal from its environment 
or even a short time are often underestimated and can be equiv- 
lent to or even greater than genetic sampling itself (Langkilde and 
hine 2006 , Fisher et al. 2013 , Soulsbury et al. 2020 ). However, these 
ethods (e.g., mist netting, harp, box, pitfall, or funnel trapping) are 
ypically deemed acceptable because they have long been used and 
re considered standard practice in wildlife work (Soulsbury et al. 
020 ). With this in mind, ethics committees and permit granting agen- 
ies should consider requesting genetic samples when researchers: 
a) plan to handle threatened or near-threatened species; (b) expect 
hese species as bycatch (i.e., expected to be caught in a trap in- 
ended for another species); or (c) will access sensitive, remote ecosys- 
ems. This would increase the amount of valuable information ob- 
ained from each animal handled and from each field trip, reducing 
ouble-handling or re-using of animals in future genetics projects. A 

ajor benefit of this proactive genetic sampling approach is the es- 

tablishment of baselines for genetic monitoring prior to unexpected 
range contractions or population declines. Sampling must ensure 
that metadata are comprehensive and securely retained for future 
reference. 
In a few cases, when all of the above considerations have been 

made, genetic sampling may still be considered too risky or impact- 
ful to undertake at the present time. There are still beneficial genetic 
management actions that can be made with limited or no genetic data 
(Frankham et al. 2019 , Kriesner et al. 2019 , O’Brien et al. 2022 ). Nev- 
ertheless, given the many unknowns, it is usually preferable to have 
some genetic data. 

Reason 7: Genetic health assessments do not require 
the most recent, most expensive, cutting-edge 

technologies 

Whole genome sequencing is a comprehensive view of an organ- 
ism’s genetic code and is often held up as the “gold standard” for 
conservation genomic research, particularly in the case of “reference 
genomes,” which support numerous other approaches (Brandies et 
al. 2019 , Wright et al. 2020 ). However, the technical expertise, time, 
and funding required for these studies put whole genome sequencing 
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Figure 2. Approximate minimum sample sizes per population for estimating different measures of genetic health. These values are based on the cited 
power analyses and intended only as a rough guide. These recommendations are made with the assumption that a dataset of thousands of genetic 
markers (e.g., SNPs) is available. A range of methods with different requirements can exist for each measurement, and these are constantly being 
developed. 
Studies cited : Hoban and Schlarbaum ( 2014 ), Wang ( 2016 , 2023 ), Flesch and colleagues ( 2018 ), and Li and colleagues ( 2020 ). 
a Here, small–moderate refers to Ne � 500 ( Nc � 5000), large refers to Ne ≈ 1000 ( Nc ≈ 10,000), and huge refers to Ne ≈ 100,000 ( Nc ≈ 1,000,000), with 
the assumption that Ne is one-tenth of the census size ( Nc ). In reality, the Ne / Nc ratio can vary widely (see box 1 ). 
b Power analysis conducted using only 20 unlinked loci, but this recommendation is also sensible for a dataset containing thousands of SNPs. 
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ut of reach for most threatened species (Shafer et al. 2015 , Wright et 
l. 2020 , Hogg et al. 2022 ). Using 2019 costs, whole genome resequenc- 
ng projects typically cost more than USD$644 per sample (Brandies et 
l. 2019 ), whereas a single reference genome of average size may cost 
ore than USD$20,000 to develop (Brandies et al. 2019 ). In addition, 

n animal studies, the death of an animal may be required to provide 
nough high-quality DNA (e.g., Dodge et al. 2023 ; see Reason 6). How- 
ver, whole genome sequencing is not essential for most conservation 
enetics questions. 
Although genetic assessments based on just one, or a few, loci 
r genes (e.g., mitochondrial DNA) can be useful for identifying 
ineages within species, they are not suitable for genetic health 
ssessments or delineating closely related species (Frankham et 
l. 2017 ). Older multi-locus techniques, which use only tens of ge- 
etic markers or fewer, including microsatellites, continue to pro- 
ide useful results and should not be dismissed so long as the lim- 
tations of the methods are acknowledged from the outset (Sunde 
t al. 2020 , Hauser et al. 2021 ). Microsatellite datasets can some- 
imes adequately assess population structure (Hauser et al. 2021 ), 
mall effective population sizes, and inbreeding in small popula- 
ions (McLennan et al. 2019 ). Comprehensive genetic health assess- 
ents using microsatellites have been undertaken for Eurasian Ot- 
er ( Lutra lutra ; Thomas et al. 2022 ) and Macquarie Perch ( Mac- 
uaria australasica ; Pavlova et al. 2017 ). However, in general, it is 
ifficult to obtain accurate estimates of inbreeding and relatedness 
sing microsatellite data (Grueber et al. 2010 , Taylor 2015 , Kardos 
t al. 2015 , 2017 ), assess moderate–large effective population sizes 

(Waples 2025 ), or determine fine-scale genetic structure (Gallego-
Garcia et al. 2021 ). 
Fortunately, a middle ground exists in using SNPs datasets

generated using “reduced representation methods” [e.g., RADseq
(Restriction-site Associated DNA sequencing)]. These contain thou-
sands of genome-wide markers sequenced at relatively little ex-
pense compared to whole genomes (using 2019 costs, typically less
than USD$64 per sample, plus costs for marker establishment and
DNA extraction; Brandies et al. 2019 ). SNP datasets often outperform
microsatellite markers and approach whole genome sequencing in
terms of reliability and usefulness for conservation questions (McLen-
nan et al. 2019 , Wright et al. 2020 , Martchenko and Shafer 2023 ).
SNP-based genetic studies are revolutionizing conservation genetics
due to their power and affordability. Typically, SNP datasets require
less time and expertise to analyse than a whole genome dataset. They
also require far less tissue per sample than whole genome sequenc-
ing. Examples where threatened species have received comprehen-
sive genetic health assessments based on thousands of genome-wide
SNPs include Lima Leaf-Toed Gecko ( Phyllodactylus sentosus; Arana
et al. 2023 ); Kuranda Treefrog ( Litoria myola ; Bertola et al. 2023 );
Alpine She-Oak Skink ( Cyclodomorphus praealtus ; Hartley et al. 2023 );
Button Wrinklewort Daisy ( Rutidosis leptorrhynchoides ; Rodger et al.
2021 ); Shiratama Hoshikusa plant ( Eriocaulon nudicuspe ; Saeki and Hi-
rao 2025 ); Wild Cotton ( Gossypium turneri ; Yescas-Romo et al. 2025 );
and Northern Bettong ( Bettongia tropica ; Todd et al. 2023 ). These and
other genetic health assessments have led to on-ground management
actions. 
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What now? How to begin implementing 

genetics-informed conservation actions in the real 
world 

or readers motivated to learn more or to apply the concepts discussed 
n this paper, a first step is to contact a scientist with specialist knowl- 
dge and experience in conservation genetics, particularly one with 
ocal knowledge. Scientists will often have the resources required, are 
ikely to help navigate the costs involved, and will raise additional rel- 
vant questions. In addition, they are often highly motivated to collab- 
rate and support conservation efforts. Researcher profiles are typi- 
ally available on your local research institution’s website (e.g., a uni- 
ersity, museum, botanic gardens, or herbarium). However, it is often 
asier to find relevant experts through existing academic research col- 
aborators. Most conservation departments and organizations will al- 
eady have relationships with local academics and researchers from 

arious fields, who can help direct you to the most suitable person or 
eam. There are conservation geneticists accessible worldwide, and 
ew experts are being trained all the time. 

Conclusion 

oor genetic health is detrimental to the persistence of plant and an- 
mal populations. This is particularly relevant to threatened species 
ecause their small, isolated populations are predisposed to los- 
ng genetic diversity and becoming inbred. However, these threats 
re often underestimated. Fortunately, opportunities for straight- 
orward genetic management practices exist, with well-established 
enefits to individual fitness and population growth. Primarily, 
his revolves around deliberately introducing unrelated individ- 
als into other groups with low genetic health (i.e., augmented 
ene flow). Despite perceptions to the contrary, these practices 
an be low-cost and low-risk when applied using existing recom- 
endations. The assessments required to inform genetic manage- 
ent can have a low ethical impact and be affordable, not re- 
uiring large sample sizes or the most expensive techniques. Our 
im is that these seven reasons we have provided are motivat- 
ng to threatened species managers. If they are to prevent fur- 
her extinctions, threatened species managers must consider genetic 
ealth. 

Data availability 

o new data were generated or analysed in support of this research. 

Author contributions 

icholas John Bail (Conceptualization, Visualization, Writing – origi- 
al draft, Writing – review & editing), Conrad Hoskin (Conceptualiza- 
ion, Supervision, Writing – original draft, Writing – review & editing), 
arry B. Hines (Conceptualization, Writing – review & editing), Richard 
rankham (Writing – review & editing), Megan Higgie (Conceptualiza- 
ion, Supervision, Writing – original draft, Writing – review & editing) 

Funding 

upport for NJB during the writing of this work was provided by an 
ustralian Government Research Training Program (RTP) Scholarship at 
ames Cook University. The James Cook University “Centre for Tropical 

Bioinformatics & Molecular Biology” funded the travel of RF to attend a 
workshop on genetic health with three of the co-authors on this paper. 

Conflict of interest 

All authors declare that they have no conflicts of interest. 

References cited 

Abplanalp H. 1990. Inbreeding. Pages 955–984 in Crawford RD, ed. Poul- 
try Breeding and Genetics . Elsevier. 

Allendorf FW , Funk WC, Aitken SN, Byrne M, Luikart G. 2022. Conserva- 
tion and the Genomics of Populations . 3rd ed. Oxford University Press. 

Allendorf FW. 2017. Genetics and the conservation of natural popula- 
tions: Allozymes to genomes. Molecular Ecology 26: 420–430. 

Angeloni F , Ouborg NJ, Leimu R. 2011. Meta-analysis on the associa- 
tion of population size and life history with inbreeding depression 
in plants. Biological Conservation 144: 35–43. 

Arana A , Esteves J, Ramírez R, Galetti PM, Pérez ZJ, Ramirez JL. 2023. 
Population genomics reveals how 5 ka of human occupancy led the 
Lima leaf-toed gecko ( Phyllodactylus sentosus ) to the brink of extinc- 
tion. Scientific Reports 13: 18465. 

Bertola LV , Higgie M, Zenger KR, Hoskin CJ. 2023. Conservation genomics 
reveals fine-scale population structuring and recent declines in the 
critically endangered Australian Kuranda Treefrog. Conservation Ge- 
netics 24: 249–264. 

Bondari K , Dunham RA. 1987. Effects of inbreeding on economic traits 
of Channel Catfish. Theoretical and Applied Genetics 74: 1–9. 

Brandies P , Peel E, Hogg CJ, Belov K. 2019. The value of reference 
genomes in the conservation of threatened species. Genes 10: 846. 

Ceballos FC , Álvarez G. 2013. Royal dynasties as Human inbreeding lab- 
oratories: The Habsburgs. Heredity 111: 114–121. 

Colpitts J , McLoughlin PD, Poissant J. 2024. Inbreeding depression in 
Sable Island feral horses is mediated by intrinsic and extrinsic vari- 
ables. Conservation Genetics 25: 1–15. 

Coltman DW , Pilkington JG, Smith JA, Pemberton JM. 1999. Parasite- 
mediated selection against inbred Soay sheep in a free-living, island 
population. Evolution; International Journal of Organic Evolution 53: 
1259. 

Cook CN , Sgrò CM. 2018. Understanding managers’ and scientists’ per- 
spectives on opportunities to achieve more evolutionarily enlight- 
ened management in conservation. Evolutionary Applications 11: 
1371–1388. 

Cook CN , Sgrò CM. 2017. Aligning science and policy to achieve evo- 
lutionarily enlightened conservation. Conservation Biology 31: 501–
512. 

Cook CN , Mascia MB, Schwartz MW, Possingham HP, Fuller RA. 2013. 
Achieving conservation science that bridges the knowledge–action 
boundary. Conservation Biology 27: 669–678. 

Craigie ID , Pressey RL. 2022. Fine-grained data and models of protected- 
area management costs reveal cryptic effects of budget shortfalls. Bi- 
ological Conservation 272: 109589. 

Crnokrak P , Roff DA. 1999. Inbreeding depression in the wild. Heredity 
83: 260–270. 

Dillon R , Coates D, Standish R, Monks L, Waycott M. 2023. Assessing plant 
translocation success: Common metrics mask high levels of inbreed- 
ing in a recently established Banksia brownii (Proteaceae) population. 
Australian Journal of Botany 71: 79–92. 

Dodge TO , Farquharson KA, Ford C, Cavanagh L, Schubert K, Schumer 
M, Belov K, Hogg CJ. 2023. Genomes of two extinct-in-the-wild rep- 
D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/advance-article/doi/10.1093/biosci/biag046/8677926 by Jam

es C
ook U

niversity user on 14 July 2026



10 | BioScience, 2026, Volume 0, Issue 0

D

D

D

E

E

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

tiles from Christmas Island reveal distinct evolutionary histories and 
conservation insights. Molecular Ecology Resources 25: e13780. 

oyle JM , et al. 2016. Genetic structure and viability selection in the 
golden eagle ( Aquila chrysaetos ), a vagile raptor with a Holarctic dis- 
tribution. Conservation Genetics 17: 1307–1322. 

udash MR. 1990. Relative fitness of selfed and outcrossed progeny 
in a self-compatible, protandrous species, Sabatia angularis L. (Gen- 
tianaceae): A comparison in three environments. Evolution; Interna- 
tional Journal of Organic Evolution 44: 1129–1139. 

udash MR , Murren CJ. 2008. The influence of breeding systems and 
mating systems on conservation genetics and conservation deci- 
sions. Pages 68–80 in Carroll SP, Fox CW, eds. Conservation Biology: 
Evolution in Action . Oxford University Press. 

berhard EK , Wilcove DS, Dobson AP. 2022. Too few, too late: U.S. Endan- 
gered Species Act undermined by inaction and inadequate funding. 
PLOS ONE 17: e0275322. 

ncinas-Viso F , Thrall PH, Young AG. 2024. Genetic and habitat rescue 
improve population viability in self-incompatible plants. Evolution- 
ary Applications 17: e70037. 

isher KJ , Guilfoyle KJ, Hatch KA. 2013. Stress induced by toe-clipping in 
Cane Toads ( Rhinella marina ). Copeia 2013: 539–542. 

itzpatrick JL , Evans JP. 2009. Reduced heterozygosity impairs sperm 

quality in endangered mammals. Biology Letters 5: 320–323. 
itzpatrick SW , Bradburd GS, Kremer CT, Salerno PE, Angeloni LM, Funk 
WC. 2020. Genomic and fitness consequences of genetic rescue in 
wild populations. Current Biology 30: 517–522.e5. 

itzpatrick SW , Mittan-Moreau C, Miller M, Judson JM. 2023. Genetic res- 
cue remains underused for aiding recovery of federally listed verte- 
brates in the United States. Journal of Heredity 114: 354–366. 

lesch EP , Rotella JJ, Thomson JM, Graves TA, Garrott RA. 2018. Eval- 
uating sample size to estimate genetic management metrics in the 
genomics era. Molecular Ecology Resources 18: 1077–1091. 

rankham R. 1995. Effective population size/adult population size ratios 
in wildlife: A review. Genetical Research 66: 95–107. 

rankham R. 2005. Genetics and extinction. Biological Conservation 126: 
131–140. 

rankham R. 2015. Genetic rescue of small inbred populations: Meta- 
analysis reveals large and consistent benefits of gene flow. Molecular 
Ecology 24: 2610–2618. 

rankham R. 2021. Suggested improvements to proposed genetic indi- 
cator for CBD. Conservation Genetics 22: 531–532. 

rankham R. 2022. Evaluation of proposed genetic goals and targets 
for the Convention on Biological Diversity. Conservation Genetics 23: 
865–870. 

rankham R , Ballou JD, Briscoe DA. 2010. Introduction to Conservation 
Genetics . 2nd ed. Cambridge University Press. 

rankham R Ballou JD, Eldridge MD, Lacy RC, Ralls K, Dudash MR, Fen- 
ster CB, 2011. Predicting the probability of outbreeding depression. 
Conservation Biology 25: 465–475. 

rankham R , Ballou JD, Grueber CE, Pickup M, Stow A, Sunnucks P. 2026. 
Introduction to Conservation Genetics and Genomics . 3rd ed. Cam- 
bridge University Press. Forthcoming. 

rankham R , Ballou JD, Ralls K, Eldridge M, Dudash MR, Fenster CB, Lacy 
RC, Sunnucks P. 2017. Genetic Management of Fragmented Animal and 
Plant Populations . Oxford University Press. 

rankham R , Ballou JD, Ralls K, Eldridge M, Dudash MR, Fenster CB, 
Lacy RC, Sunnucks P. 2019. A Practical Guide for Genetic Manage- 
ment of Fragmented Animal and Plant Populations . Oxford University 
Press. 

rankham R , Bradshaw CJA, Brook BW. 2014. Genetics in conservation 
management: Revised recommendations for the 50/500 rules, Red 

List criteria and population viability analyses. Biological Conserva-
tion 170: 56–63. 

Gallego-García N , Caballero S, Shaffer HB. 2021. Are genomic updates of
well-studied species worth the investment for conservation? A case
study of the critically endangered Magdalena River Turtle. Journal of
Heredity 112: 575–589. 

Garner BA , et al. 2016. Genomics in conservation: Case studies and bridg-
ing the gap between data and application. Trends in Ecology and Evo-
lution 31: 81–83. 

Gavriilidi I , Van Linden L. 2024. Inbreeding and cognition in wild
populations: A relationship that remains unnoticed. Oikos 2024:
e10674. 

Giska I , et al. 2019. Introgression drives repeated evolution of winter coat
color polymorphism in hares. Proceedings of the National Academy of
Sciences of the United States of America 116: 24150–24156. 

Gjerde B , Gunnes K, Gjedrem T. 1983. Effect of inbreeding on survival
and growth in rainbow trout. Aquaculture 34: 327–332. 

Grossen C , Guillaume F, Keller LF, Croll D. 2020. Purging of highly dele-
terious mutations through severe bottlenecks in Alpine Ibex. Nature
Communications 11: 1001. 

Grueber CE. 2017. Making the best of a bad situation: Genetic rescue in
the absence of an ideal source population. Animal Conservation 20:
14–15. 

Grueber CE , Laws RJ, Nakagawa S, Jamieson IG. 2010. Inbreeding de-
pression accumulation across life-history stages of the Endangered
Takahe. Conservation Biology 24: 1617–1625. 

Haigh GR. 1983. Effects of inbreeding and social factors on the repro-
duction of young female Peromyscus maniculatus bairdii . Journal of
Mammalogy 64: 48–54. 

Harrisson KA , et al. 2016. Scope for genetic rescue of an endangered sub-
species though re-establishing natural gene flow with another sub-
species. Molecular Ecology 25: 1242–1258. 

Harrisson KA , Magrath MJL, Yen JDL, Pavlova A, Murray N, Quin B,
Menkhorst P, Miller KA, Cartwright K, Sunnucks P. 2019. Lifetime fit-
ness costs of inbreeding and being inbred in a critically endangered
bird. Current Biology 29: 2711–2717.e4. 

Hartley R , Clemann N, Atkins Z, Scheele BC, Lindenmayer DB, Amor MD.
2023. Isolated on sky islands: Genetic diversity and population struc-
ture of an endangered mountain lizard. Conservation Genetics 24:
219–233. 

Hauser SS , Athrey G, Leberg PL. 2021. Waste not, want not: Microsatel-
lites remain an economical and informative technology for conser-
vation genetics. Ecology and Evolution 11: 15800–15814. 

Hedrick PW. 2013. Adaptive introgression in animals: Examples and
comparison to new mutation and standing variation as sources of
adaptive variation. Molecular Ecology 22: 4606–4618. 

Hill JL. 1974. Peromyscus : Effect of early pairing on reproduction. Science
186: 1042–1044. 

Hoban S , Schlarbaum S. 2014. Optimal sampling of seeds from plant
populations for ex-situ conservation of genetic biodiversity, con-
sidering realistic population structure. Biological Conservation 177: 
90–99. 

Hoffman A , et al. 2015. A framework for incorporating evolutionary
genomics into biodiversity conservation and management. Climate
Change Responses 2: 1–23. 

Hogg CJ , Ottewell K, Latch P, Rossetto M, Biggs J, Gilbert A, Richmond
S, Belov K. 2022. Threatened species initiative: Empowering conser-
vation action using genomic resources. Proceedings of the National
Academy of Sciences of the United States of America 119: e2115643118. 

Hogg CJ , Farquharson KA, Brandies P, Silver LW, Ottewell K, McLennan
EA, Richmond S, Belov K. 2024. The future is here: An easy-to-use
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/advance-article/doi/10.1093/biosci/biag046/8677926 by Jam

es C
ook U

niversity user on 14 July 2026



BioScience, 2026, Volume 0, Issue 0 | 11

H

H

H

H

H

H

[

J

J

K

K

K

K

K

K

K

K

K

K

K

toolkit for integrating genetics into conservation management. Ani- 
mal Conservation 28: 93–103. 

ogue AS , Breon K. 2022. The greatest threats to species. Conservation 
Science and Practice 4: e12670. 

ostetler JA , Onorato DP, Bolker BM, Johnson WE, O’Brien SJ, Jansen D, 
Oli MK. 2012. Does genetic introgression improve female reproduc- 
tive performance? A test on the endangered Florida Panther. Oecolo- 
gia 168: 289–300. 

ostetler JA , Onorato DP, Nichols JD, Johnson WE, Roelke ME, 
O’Brien SJ, Jansen D, Oli MK. 2010. Genetic introgression and the 
survival of Florida Panther kittens. Biological Conservation 143: 
2789–2796. 

oward C , et al. 2025. On the path to reference genomes for all biodiver- 
sity: Laboratory protocols and lessons learned from processing over 
2,000 species in the Sanger Tree of Life. GigaScience 14: 1–20. 
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