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To mix or not to mix gene pools for threatened species management? Few 
studies use genetic data to examine the risks of both actions, but failing to 
do so leads disproportionately to recommendations for 
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A B S T R A C T   

Many small, isolated populations lose genetic variation and suffer inbreeding, increasing their extinction risk. 
Augmenting gene flow may alleviate these issues if populations are compatible to mix. Accordingly, recom-
mendations for genetic management should weigh the risk of allowing populations to remain small and separate 
(e.g. inbreeding depression) against augmenting gene flow through gene-pool mixing (e.g. outbreeding 
depression). To understand how studies examine the risks of alternative management actions, we reviewed the 
genetic analyses conducted and evidence used to inform their recommendations. Our review analysed 626 
studies that discussed the management of small, isolated populations, and for a subset of 198 studies, we 
extracted details of the risk-assessment, genetic analyses, and recommendations made. Approximately 56% of 
studies did not refer to any genetic risks when making management recommendations. While separate man-
agement was the most common recommendation overall, studies that considered both inbreeding depression and 
outbreeding depression were more likely to recommend gene-pool mixing than separate management. The ge-
netic data collected generally offer the potential for evidence-based decisions about the risks posed by different 
management options, yet our analyses suggest that recommendations were often based on limited use of evi-
dence, creating risks to the effective management of threatened species.   

1. Introduction 

Due to ongoing habitat destruction and degradation, many threat-
ened species are restricted to small, isolated fragments (Schlaepfer et al., 
2018). Small populations are prone to loss of genetic diversity through 
random genetic drift and inbreeding, which can reduce fitness (i.e. cause 
inbreeding depression) and impede adaptation to changing conditions 
(Ralls et al., 2018; Weeks et al., 2016). Accordingly, erosion of genetic 
variation increases extinction risk and is a significant threat to the 
persistence of small populations (Binks et al., 2007; Crnokrak and Roff, 
1999; Frankham et al., 1999; Hoffmann and Sgrò, 2011; Keller and 
Waller, 2002; Saccheri et al., 1998). 

Evidence of the threats posed by inbreeding and genetic load to 
species of conservation concern have increased support for actively 
managing gene flow among populations to assist population persistence 
(Browne et al., 2019; Frankham et al., 2017). In populations with low 

genetic variation, augmenting gene flow can alleviate inbreeding 
depression, add beneficial genes, and elevate population growth – 
termed genetic rescue (Bell et al., 2019; Frankham, 2015; Ralls et al., 
2020; Whiteley et al., 2015). Enhanced gene flow can also increase 
adaptive potential, enabling populations to respond to changing con-
ditions: evolutionary rescue (Aitken and Whitlock, 2013; Weeks et al., 
2011). Supporting populations to adapt to current and future conditions 
is important because many populations are already experiencing 
elevated extinction risk due to rapid environmental change (Urban, 
2015). Augmenting gene flow, hereafter referred to as ‘gene-pool mix-
ing’, encompasses management interventions intended to increase ge-
netic diversity, including for promoting genetic- and evolutionary 
rescue. 

While gene-pool mixing can provide significant fitness benefits for 
individuals and populations (Frankham, 2015) there are conditions 
under which populations may suffer negative fitness consequences of 
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genetic mixing (outbreeding depression). The key indicators for an 
elevated risk of outbreeding depression are if populations have fixed 
chromosomal differences, are adapted to different environments, or 
have been long-isolated under different selective pressures (Frankham 
et al., 2011). Using risk factors to inform management decisions is 
important because strong tests for outbreeding depression are chal-
lenging, and require monitoring of fitness traits for multiple generations 
after mixing (Frankham et al., 2017). Encouragingly, there is growing 
evidence that even when outbreeding depression does occur, the fitness 
consequences may not be severe, and populations may rapidly recover 
(Hwang et al., 2011; Mitchell et al., 2019). 

The use of gene-pool mixing as a tool in conservation management 
has been limited, despite the increasingly evident benefits for restoring 
genetic diversity and alleviating inbreeding depression (Frankham et al., 
2019). There is evidence that concerns about the potential for 
outbreeding depression have limited the use of gene-pool mixing by 
managers (Cook and Sgrò, 2019). Resistance to mixing has also arisen 
from a desire to preserve taxonomic purity, uncertainty regarding the 
magnitude and duration of benefits from mixing, and a general risk- 
aversion when managing small, isolated populations (Love Stowell 
et al., 2017; Bell et al., 2019; Meek et al., 2015). Accordingly, isolated 
and inbred populations have commonly been managed separately rather 
than by facilitating gene flow among them (Bell et al., 2019). However, 
the decision to keep remnant populations separate assumes that the risks 
of mixing gene-pools outweighs the risks of inbreeding depression, 
despite the substantially elevated extinction risk associated with low 
genetic diversity (Fitzpatrick and Funk, 2019; Pavlova et al., 2017; 
Weeks et al., 2016). When the goal of management is to prevent 
extinction, decision-makers need to assess whether mixing populations 
or keeping them separate poses the greater risk (Liddell et al., 2020; 
Ralls et al., 2018). 

1.1. Using genetic data to undertake risk-assessments concerning gene- 
pool mixing 

Determining the extent of genetic erosion in small, fragmented 
populations is a critical step in assessing the need for genetic manage-
ment. Ideally, the decision about whether or not to implement gene-pool 

mixing among fragmented populations should be informed by data on 
the fitness costs and benefits of gene flow. However, such information is 
challenging to obtain and is rarely available to guide decision-making 
for wild populations (Houde et al., 2011). Instead, a range of de-
mographic and genetic metrics can be used to understand the patterns 
and processes underlying the challenges for managing small, isolated 
populations. These data can be used to assess the relative risks associ-
ated with inbreeding- and outbreeding depression resulting from 
different management scenarios (Frankham et al., 2017, 2019). As 
inbreeding rises in a population (measured through increasing 
inbreeding coefficients of individuals within the population relative to 
those in a large outbred population) homozygosity for harmful alleles or 
those exhibiting heterozygote advantage increases, thereby reducing 
reproductive fitness (Frankham et al., 2017). These conditions are 
typically more pronounced in smaller populations with less genetic di-
versity, and so the risk of inbreeding depression can be indicated by the 
level of genetic diversity in a population (Fig. 1; Keller and Waller, 2002; 
Ralls et al., 2020). Genetic diversity can be summarized by a range of 
metrics, commonly including heterozygosity and allelic richness, and 
used to estimate various inbreeding coefficients. In addition, genome- 
wide diversity is a positive indicator of adaptive potential (Harrisson 
et al., 2014). Thus, when compared to intact populations, diversity and 
inbreeding metrics can indicate whether populations are suffering ge-
netic erosion that requires genetic management. Not infrequently, 
reference populations of the same taxon may not be available for direct 
comparison. If so, genetic data can inform how current diversity relates 
to earlier measures, drawing on data from the closest relevant com-
parators, museum specimens and any other appropriate proxies 
(Frankham et al., 2017). 

Understanding the degree and timing of isolation among populations 
is important for assessing the risk of outbreeding depression (Frankham 
et al., 2011). The degree of genetic differentiation among populations 
(‘population genetic structure’, indicated by the frequency of different 
genetic variants in different sampling locations) increases with greater 
restriction of gene flow, the passage of time, and stronger diversifying 
natural selection (Fig. 1). Accordingly, strong genetic differences among 
populations may flag genuine risks of outbreeding depression under 
gene-pool mixing, especially when they reflect long-separated 

Fig. 1. General information required to assess the risks of inbreeding depression and outbreeding depression, from which data-collection rationale was formed.  
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populations that diverged through natural selection (Crandall et al., 
2000; Frankham et al., 2011). However, small, fragmented populations 
also diverge as a result of the random erosion of genetic diversity (ge-
netic drift), without necessarily elevating the risk of outbreeding 
depression (Weeks et al., 2016). Being able to distinguish between 
adaptive differentiation and genetic drift is thus critical to assessing the 
risk of gene-pool mixing implied by a given level of genetic differenti-
ation. A theoretical and empirical assessment of outbreeding depression 
under gene-pool mixing identified three key indicators: fixed chromo-
somal differences among populations can signal genetic incompatibility, 
phenotypic differences can reflect that populations have experienced 
strong, different selection pressures, and large environmental differ-
ences experienced by populations may suggest local adaptation 
(Frankham et al., 2011; Fig. 1). 

Genetic diversity metrics, particularly heterozygosity and allelic 
richness, capture various aspects of evolutionary diversity (details in 
Appendix D). Measures of population genetic structure are used for 
suggesting differentiation among populations as a proxy for connectiv-
ity, of which the fixation measure FST is commonly applied. However, it 
has been argued that alternative measures may outperform FST in some 
contexts (Appendix D). Population genetic structure is often visualised 
via clustering algorithms of individual genotypic signatures, depicting 
the organisation of genetic diversity based on a factor such as space, 
time or phenotype of interest. Local structuring, which might arise from 
non-random mating, is usually represented by FIS. The connection be-
tween FIS and fitness needs to be interpreted with care, and measures of 
the individual inbreeding coefficient, F, may be more closely related to 
fitness (Keller and Waller, 2002; Appendix D). Perhaps the most all- 
encompassing statistic in genetic management is effective population 
size, Ne. This reflects the rate at which genetic diversity is expected to be 
lost from small populations, and predicts the response to selective 
pressures (Hoban et al., 2020). For these reasons, Ne has been proposed 
as the metric around which to set targets in genetic management (see 
Luikart et al., 2010; Hoban et al., 2020 for discussion). 

The drivers of population structure can be assessed by estimating the 

amount of gene flow that occurred in the past (before populations were 
fragmented) and any recent and ongoing gene flow among populations 
(Frankham et al., 2011; Figs. 1 and 2). Populations estimated to have 
exchanged few or no genetic migrants for many generations are more 
likely to have evolved adaptive differences, particularly if they occupy 
different environments and are under strong selection – in these cases 
gene-pool mixing may not be appropriate (Frankham et al., 2011). In 
contrast, if gene flow is ongoing or has only recently been disrupted by 
human actions, genetic structure is unlikely to reflect adaptive differ-
ences and managing populations separately might be counter- 
productive (Harrisson et al., 2016; Weeks et al., 2016). 

While measures of genetic diversity, inbreeding, differentiation and 
gene flow are not definitive indicators of the risks of gene-pool mixing, 
taken together, the genetic concepts and metrics described above can be 
used to conduct a risk-assessment designed to support decisions about 
the costs and benefits of gene-pool mixing (Fig. 1; Frankham et al., 2017, 
2019; Ralls et al., 2018). 

1.2. The current state of evidence-based genetic management 

Studies using genetic analyses to assess the risks of actively man-
aging gene flow are important for making decisions about the man-
agement of fragmented populations (Cook and Sgrò, 2017). Because 
conservation managers may have limited understanding of the evolu-
tionary processes underlying species persistence, reliable and clear 
research is critical to support evidence-based approaches to conserva-
tion decision-making (Cook and Sgrò, 2018; Taylor et al., 2017). But 
concerns have been raised that many studies are making management 
recommendations for threatened species without explicitly assessing the 
risks of alternative management actions (Liddell et al., 2020; Love 
Stowell et al., 2017; Ralls et al., 2018). Accordingly, our objective here 
was to examine the peer-reviewed literature addressing issues of genetic 
management of threatened species to assess: (1) whether studies 
mention the core concepts relating to the risks and benefits of mixing, 
(2) the genetic data, metrics and analyses used to evaluate the genetic 

Fig. 2. Information and examples of data collected from subset of 198 studies. Blue boxes indicate categories and examples of data collected to inform questions in 
Fig. 1, with results reported in Fig. 5. Grey boxes indicate additional categories of data collected. An extended description of the data collection rationale is provided 
in Fig. D. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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condition of fragmented populations, and the processes acting on them, 
(3) the management recommendations made, and (4) whether the risks 
of inbreeding depression and outbreeding depression were discussed 
when making management recommendations. Our review provides an 
opportunity to understand the basis of recommendations for genetic 
management of threatened populations, and whether further action is 
needed to better integrate risk-assessment frameworks into biodiversity 
conservation. 

2. Methods and materials 

2.1. Literature search approach and criteria 

To locate candidate studies, we conducted a systematic search of the 
peer-reviewed literature using Web of Science (WoS) Core Collection 
(v.5.29) for years 1900 to 2018. Search terms were selected to identify 
genetic studies of more than one wild population of a threatened species 
that aimed to make management recommendations. Search terms 
sought to capture the diverse ways in which populations, genetic ana-
lyses and management recommendations are described by studies (Ta-
bles 1 and 2) and keywords were added until very few new records were 
returned (Table 1). The search strings were validated using a training set 
of 23 relevant studies taken from a review of genetic management in 
threatened species recovery plans (Pierson et al., 2016). These studies 
were of taxa of conservation concern, approximately equally weighted 
across plants and animals across three continents. A keyword relating to 
implications was added to the final search string after initial searches 
only returned 22 of the 23 studies (Table 1; Appendix A). 

Searches identified 2709 studies, of which 1054 were retained after 
screening titles and abstracts against inclusion criteria, excluding 
studies not focused on the active management of wild populations 
(Table 2). After closer reading, a further 428 studies failed to meet the 
inclusion criteria (e.g. species were not classified as critically endan-
gered, endangered, or vulnerable), leaving 626 relevant studies retained 
for data collection (Appendix B). For each paper, the year of publication, 
the taxonomic group and threat status of the focal species were recor-
ded. Species were categorised as bird, fish, mammal, ‘herptile’ (aggre-
gating amphibians and reptiles), plant or invertebrate. To capture 
species of local conservation concern, threat status was based on the 
conservation legislation listed within the study, but if none was stated, 
the International Union for the Conservation of Nature (IUCN) Red List 
status (www.iucn.org) was used from the year in which the study was 
published. 

2.2. Content analyses of risks associated with gene-pool mixing 

We used a content analysis to assess whether studies addressed the 
potential consequences of gene-pool mixing. All 626 relevant studies 
were searched for key terms and concepts associated with the risks of 
mixing versus separate management. We used a deductive approach to 
code studies (Patton, 2002) according to whether they discussed: 1) 
‘gene flow’; 2) ‘inbreeding’; 3) ‘inbreeding depression’; 4) ‘outbreeding’; 
and/or 5) ‘outbreeding depression’. These terms were selected to reflect 
the key evolutionary processes outlined in decision-support tools 
developed by Frankham et al. (2011) and Weeks et al. (2011), thus 
providing insight into the degree to which these concepts are considered 
in studies designed to guide the genetic management of at-risk species. 
Studies mentioning outbreeding depression in the context of disrupting 
co-adapted gene complexes, reproductive isolation, or genetic in-
compatibilities were coded as discussing outbreeding depression 
(Templeton, 1986; Table 3). Content analysis was conducted using QSR 
International’s NVivo software (version 10.0.4) and results were sum-
marized according to which concepts were included or omitted, and the 
mean (±95% confidence intervals) number of concepts mentioned by 
studies, to reflect the breadth of risks being considered. 

2.3. Genetic analyses used to inform management recommendations 

To examine the basis for management recommendations, 198 studies 
were read in full, to extract: 1) genetic data types collected, 2) analyses 
conducted to assess the genetic condition of populations, and 3) how 
these data were used to evaluate the risks of gene-pool mixing (see 

Table 1 
Search terms used to identify potentially relevant studies for analysis. Bolded 
value indicates total number of studies retained for the title and abstract 
screening process.  

Search strings Number of 
studies returned 

Number of 
unique studies 

genetic* AND *population* AND *structure 
AND (manag* OR implication*) AND 
(endangered OR threatened)  

1616  1616 

genetic* AND *population* AND analys* 
AND (manag* OR implication*) AND 
(endangered OR threatened)  

2365  749 

genetic* AND (“conservation manag*” OR 
“conservation implication*”) AND 
(endangered OR threatened)  

2546  181 

“conservation genetic*” AND (manag* OR 
implication*) AND (endangered OR 
threatened)  

2671  125 

genetic* AND “conservation unit*” AND 
(manag* OR implication*) AND 
(endangered OR threatened)  

2685  14 

genetic* AND “management unit*” AND 
(endangered OR threatened)  2706  21 

genetic* AND *population* AND subdivision 
AND (manag* OR implication*) AND 
(endangered OR threatened)  

2709  3  

Table 2 
Search terms and criteria used to identify and screen studies for inclusion in the 
final dataset (n = 626). Bolded terms indicate those added after validation using 
a training set of studies.  

Inclusion criteria Relevant search terms used 

Discusses more than one population of a species or 
subspecies 

‘*population*’ 

Performs genetic analyses to examine population 
structure, genetic diversity or differentiation 

‘genetic*’ 
‘analys*’ 
‘*structure’ 
‘subdivision’ 

Aims to inform conservation management 

‘manag*’ OR 
‘implication*’  

‘conservation unit*’ 
‘conservation genetic*’  
‘management unit*’  

‘conservation manag*’ OR 
‘conservation implication*’ 

Target species is of conservation concern ‘endangered’ OR 
‘threatened’ 

Focuses on naturally occurring populations in the 
wild   

Exclusion criteria 

Exclusively captive-bred or reintroduced populations 
Pathogen-related studies 
Inclusion of domestic breeds or organisms with a primary commercial interest 
Concerning only development or evaluation of genetic data (e.g. development of 

molecular markers) 
Concerning only pedigree analysis of species of interest 
Concerning only historical demography and/or evolutionary history of species of 

interest 
Concerning only population viability analysis, bottlenecking or monitoring of species 

of interest 
Hybridisation studies that do not consider units within populations and management 

implications  
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Appendix C for data collection sheet), and 4) the continent where the 
research took place. The subset of studies was a stratified random 
sample from each taxonomic group (Section 2.1) published between 
2009 and 2018 to reflect recent approaches. Invertebrates were the most 
poorly represented taxonomic group in the broader sample (33 studies) 
so to ensure a balanced subset, 33 studies were randomly selected from 
each of the other five taxonomic groups for a total of 198 studies. Ge-
netic data and metrics that could help inform the levels of genetic di-
versity, inbreeding, population substructure and gene flow were 
recorded (Fig. 2). Any information relating to significant chromosomal, 
phenotypic and environmental differences among populations were 
recorded (Fig. 2, Appendix D). Data were collected about the level of 
risk-assessment performed and the management recommendations 
made (Fig. 2, Appendix D). 

2.4. Data analyses 

A generalised linear model with a Binomial distribution and a logit 
link function was used to assess whether the number of risk concepts 
mentioned per study varied according to threat status, taxonomic group, 
and publication year. A conditional regression tree (CTREE) model with 
binary recursive partitioning was used to determine the extent to which 
year, taxonomic group or threat status influenced management recom-
mendations about whether to initiate gene-pool mixing or manage 
populations as separate units. Statistical analyses were performed in R 
3.5.2 software using R Studio version 1.1.463 (R Core Team, 2018; R 
Studio Team, 2016), and IBM SPSS (version 23) at a significance level of 
α = 0.05. 

2.5. Results 

The 626 relevant studies were published between 1994 and 2018, 
with the number of studies per year increasing from 2 to 53 during that 
period (Fig. 3). The largest number of studies related to plants (29.4%) 
and mammals (22.8%), followed by fish (14.1%), birds (12.9%), herp-
tiles (12.8%) and invertebrates (8.0%). The majority (52.9%) of target 
species were classified as endangered, 26.0% vulnerable, and 21.1% 
critically endangered. 

Studies were recorded from all continents except Antarctica. The 
studies read in detail were most commonly from North America (n =
53), Oceania (n = 39), Europe (n = 34) and Asia (n = 30). South America 
(n = 16) and Africa (n = 12) were poorly represented, and 14 studies 
were conducted across multiple continents (Appendix E, Table E.5). 

2.6. Consideration of genetic risks to populations in published studies 

On average, studies mentioned 2.55 (±0.06) of the five risk concepts 
assessed. ‘Gene flow’ was mentioned by the vast majority of studies, 
while approximately two-thirds mentioned ‘inbreeding’ (Table 3). 
‘Outbreeding’, ‘inbreeding depression’ and ‘outbreeding depression’ 
were all mentioned by less than a third of studies (Table 3). Approxi-
mately a quarter of studies mentioned both ‘inbreeding’ and 
‘outbreeding’, and only 15.7% mentioned both ‘inbreeding depression’ 
and ‘outbreeding depression’. 

There was a significant difference in the number of concepts 
mentioned by studies across different taxa (d.f. = 5; p ≤0.001; n = 626), 
with studies of plants, birds and mammals mentioning more concepts on 
average than studies of other taxonomic groups (Fig. 4A). There was a 
small but significant increase in the number of risk concepts mentioned 
per study over time (d.f. = 1; p ≤0.001; n = 626), relatively stable over 
the past decade (Fig. 4B). Studies on species of higher conservation 
status tended to mention more concepts on average (d.f. = 2; p = 0.001; 
n = 626; Fig. 4C). 

2.7. Genetic data and analyses, and their pattern of use for making 
inferences 

Almost half of the 198 studies conducted genetic analyses based on 
nuclear DNA (43%; n = 85), closely followed by a combination of nu-
clear and organellar DNA (mtDNA or cpDNA; 37%; n = 73). Most studies 
measured genetic diversity within populations (Fig. 5), with half (50%; 
n = 99; Appendix E, Table E.2) reporting both heterozygosity and allelic 
richness, reflecting different aspects of evolutionary potential. The vast 
majority of studies assessed population genetic structure (Fig. 5), 

Table 3 
The frequency with which relevant concepts were mentioned within studies (n 
= 626).  

Risk-assessment concepts Number of 
studies 

Proportion of studies 
(%) 

Gene flow  569  90.9 
Inbreeding  437  69.8 
Outbreeding  184  29.4 
Inbreeding depression  214  33.9 
Outbreeding depressiona  190  30.4 
Inbreeding and outbreeding  162  25.9 
Inbreeding depression and outbreeding 

depressiona  
98  15.7  

a Includes studies mentioning ‘coadapted gene complexes’, ‘reproductive 
isolation’ and ‘genetic incompatibilities’ as alternative terms for outbreeding 
depression. 

Fig. 3. The number of studies published between 1994 and 2018 that mention risk concepts (n = 626). The lower number of studies identified for analysis in 2018 is 
likely due to a lag in papers being available in the literature database used. 
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predominantly using fixation metrics, notably FST and related measures 
(77%; n = 152; Appendix E, Table E.3) and genotypic clustering soft-
ware (67%; n = 133; Appendix E, Table E.3) to assess isolation and level 
of genetic differentiation among populations. 

Over a third of studies calculated some measure of inbreeding or 
genetic population size (Fig. 5), the most common being Ne (28%; n =
55), which determines the rate at which genetic diversity is lost from 
populations due to genetic drift. Only 5% of studies evaluated 
inbreeding depression using an indicator of fitness, such as reproductive 
output or seed viability (Fig. 5). Overall, 23% of studies commented on 
whether inbreeding was likely to affect population fitness (Fig. 5). 

While no direct measures of the potential for outbreeding depression 
were reported, more than half of studies (60%) conducted some kind of 
assessment of whether gene flow had occurred between populations 
(Fig. 2), and 29% of studies conducted analyses that could indirectly 
assess the potential for outbreeding depression through examining 
chromosomal, environmental or phenotypic differences among pop-
ulations (Fig. 5). Just over one quarter of studies (26%) made an 
inference regarding the fitness consequences of mixing gene-pools based 
on their proxy for outbreeding depression (Fig. 5). 

Most studies (89%) considered at least one element of both risk- 
assessment pathways (Fig. 5). Over a quarter of all studies performed 

Fig. 4. Mean number of risk concepts mentioned (±95% confidence intervals) by studies (n = 626) A) per taxonomic group examined (p ≤0.001); B) over time from 
1994 to 2018 (y = 0.031× – 58.9, p ≤0.001); C) per threat status group examined (p = 0.001). Groups not sharing letters are significantly (p ≤0.05) different to 
each other. 
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analyses or evaluated metrics that can be used to assess the likelihood of 
both inbreeding depression and outbreeding depression, but only 11% 
made inferences regarding both risks on the basis of these analyses and 
metrics (Fig. 5). 

2.8. Recommendations about genetic management of populations 

Almost half of the 198 studies recommended separate management 
of populations (47%; n = 93), which was almost twice as often as rec-
ommendations for gene-pool mixing (26%; n = 51). Only 16% (n = 32; 
Fig. 6) of studies discussed their management recommendation in 
relation to balancing the risks of inbreeding depression with those of 
outbreeding depression, while more than half the studies (56%; n = 111; 
Fig. 6) made recommendations without any reference to the potential 
impacts on population fitness. Of the 54 studies that discussed 
inbreeding depression or outbreeding depression when recommending a 
course of action, outbreeding depression (19%; n = 37) was discussed 
twice as often as inbreeding depression (9%; n = 18). 

The type of risks considered by studies was a significant predictor of 
the management recommendations they made: most strikingly, studies 
that jointly considered the risks of inbreeding depression and 
outbreeding depression were more likely to recommend gene-pool 
mixing and half as likely to recommend separate management than 
were studies that assessed only one, or neither risk (Fig. 6). The studies 
that considered both risks were also more likely to recommend a com-
posite strategy for genetic management (Fig. 6), that is, recommending 
some populations be mixed and others managed separately. In contrast, 
when studies discussed only inbreeding depression or outbreeding 
depression, or failed to discuss any fitness consequences related to 
management recommendations, separate management of populations 

was most commonly recommended (Fig. 6). Taxonomic group was also a 
significant predictor of recommendations, with studies of birds, mam-
mals and herptiles more likely to recommend gene-pool mixing than 
studies of the other taxa, and studies of invertebrates, plants and fish 
were more likely to make broad management recommendations (Fig. 6). 
Broad management recommendations tended to include establishing ex- 
situ conservation strategies, a common management approach for plants 
(e.g. seed banks, Cochrane et al., 2007). Many studies recommended 
collecting more genetic information or resolving taxonomies, a signifi-
cant priority for groups such as invertebrates, where taxonomic un-
certainties might reflect high levels of local endemism and cryptic 
species that could suffer outbreeding depression if crossed (Eisenhauer 
et al., 2019; Garrick et al., 2008). 

3. Discussion 

Effectively managing the genetic health of fragmented populations 
requires an understanding of the potential risks posed by alternative 
management actions. Despite an increasing number of studies that aim 
to provide guidance to decision-makers about whether or not to mix 
fragmented populations, our review suggests that few studies consider 
both the risks of taking action (outbreeding depression) and of inaction 
(inbreeding depression) when making recommendations. A significant 
proportion of the literature either did not collect relevant information, 
or did not use available data, to evaluate the consequences of alternative 
actions, thereby failing to make evidence-based recommendations for 
genetic management of threatened species. Our data indicate that not 
considering the risks posed by alternative management action influences 
the management recommendations made, increasing the probability 
that studies prescribe separate management. 

Fig. 5. Results of the data-collection process from 198 studies read in detail. Numbers indicate the number (n) and percentage (%) of studies that collected in-
formation relating to risk-assessment of inbreeding depression (orange boxes), outbreeding depression (green boxes), and the cumulative number of studies that 
collected data relating to risk-assessment of both inbreeding depression and outbreeding depression (purple boxes). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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3.1. Considering the risks and benefits of gene-pool mixing in genetic 
studies 

Risk-assessment frameworks designed to inform the genetic man-
agement of small, fragmented populations highlight up to five evolu-
tionary processes relevant to weighing the risks of gene-pool mixing 
(Frankham et al., 2017). However, we found that most studies discussed 
only gene flow and inbreeding, with much less attention paid to the 
fitness implications of management decisions - inbreeding depression 
and outbreeding depression (Table 3). Ideally, any study would jointly 
consider the risks of maintaining separate management (inbreeding 
depression) and the risks of establishing gene flow (outbreeding 
depression) before making recommendations, but only 15.7% of studies 
even mentioned both concepts (Table 3). While a content analysis pro-
vides only a rudimentary assessment of whether studies evaluated risks, 
the consistency between this result and the number of studies that 
weighed up both risks when making a recommendation (16%; Fig. 6) 
suggests the bias is a broader concern. The detailed analysis showed 
11% of studies used data to assess both risks (Fig. 5), hence the content 
analysis likely captured studies that discussed but did not evaluate both 
risks. The small proportion of studies considering the risks of gene-pool 
mixing versus separate management is consistent across taxa and threat 
status, supporting calls for the need for a paradigm shift in the way 
management of small, fragmented populations is considered (Ralls et al., 
2018). Our findings are also consistent with the small proportion of 
threatened species recovery plans in which the risks of inbreeding 

depression and outbreeding depression for population persistence were 
recognised (6% and 1% of plans respectively, Pierson et al., 2016). 
However, our data suggest this situation may be improving over time 
(Fig. 3), perhaps reflecting the publication of risk-assessment frame-
works (Frankham et al., 2011; Weeks et al., 2011). Nonetheless, the 
increase in the number of studies mentioning genetic risk factors lags 
behind the increase in the number of studies published (Fig. 3), high-
lighting an opportunity to improve consideration of risks to ensure 
evidence-based recommendations for threatened species management. 
The increasing availability of risk-assessment frameworks and decision- 
support tools to assess when and how to undertake gene-pool mixing 
(Frankham et al., 2017, 2019; Ottewell et al., 2016; Ralls et al., 2018) 
may help to accelerate progress. 

Our findings indicate that studies focussing on plants and mammals, 
and to some extent birds, were more likely to discuss relevant genetic 
processes than were those for the other taxa (Fig. 4A). The greater focus 
on genetic risks for these groups may be a product of larger conservation 
attention and resourcing available for these taxa relative to those such as 
invertebrates (Eisenhauer et al., 2019). Studies of mammals, birds and 
herptiles were more likely to recommend gene-pool mixing compared to 
other taxa (Fig. 6), perhaps in response to long-distance gene flow for 
these generally more-mobile taxa. Mammals and birds also have well- 
established taxonomy and are subject to many studies assessing the 
consequences of inbreeding (Johnson et al., 2010; Ralls et al., 1988). 
Conversely, freshwater fish tend to be quite genetically subdivided, 
often being constrained by drainages, water flows, and in-stream 

Fig. 6. Conditional regression tree for management recommendations made by studies examined in detail (n = 198). P-value is stated for each node of risk- 
assessment and taxonomic group. Both risks = both inbreeding depression (ID) and outbreeding depression (OD) were discussed in relation to recommendation. 
ID only = ID alone was discussed in relation to management recommendation; OD only = OD alone was discussed in relation to management recommendation; No 
risks = neither ID nor OD were discussed in relation to management recommendation. Bars indicate the proportion of studies per management recommendation 
category. Broad = management recommendation made was not related to gene-pool mixing or separate management; Composite = gene-pool mixing and separate 
management recommended for different populations in a study; Mix = gene-pool mixing recommended; Separate = separate management of populations 
recommended. 
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barriers (Brauer et al., 2013; Lean et al., 2017), in which case high levels 
of local genetic distinctiveness between populations may make it valid 
to consider separate management. 

For plants, the relatively high attention to risk concepts (Fig. 4A) and 
prevalence of recommendations for separate management (Fig. 6) may 
reflect their potential for local adaptation, along with mating systems (e. 
g. selfing plants) that generally display increased tolerance to inbreeding 
depression (Byers and Waller, 1999). However, well-established seed- 
sourcing and deployment methods that create opportunities for genetic 
management of plant populations (Breed et al., 2013), may have 
contributed to a higher propensity for broad recommendations (e.g. seed 
orchards) (Fig. 6). The relatively higher attention to genetic risk factors 
in species of greater conservation concern (Fig. 4C) is possibly a 
response to the fact that these species are more likely to be experiencing 
high levels of genetic erosion and extinction risk. 

3.2. Genetic data required to inform management recommendations 

Genetic management is unlikely to be warranted in the short-term if 
populations have sufficient genetic variation to support current fitness 
and future adaptation. Almost all studies we evaluated made efforts to 
understand current levels of variation, reporting one or more metric of 
genetic diversity (Fig. 5). However, such levels of diversity are most 
useful when there is a point of reference to show how much genetic 
variation has been lost: Frankham et al. (2017) suggest that 10% loss of 
heterozygosity, equating to an inbreeding coefficient of F > 0.1, places a 
population at increased risk of extinction. It is therefore concerning that 
nearly two thirds of the studies we considered did not estimate the loss 
of genetic variation or inbreeding (Fig. 5; Appendix E). While very few 
studies (7%) estimated individual inbreeding coefficients, F, 28% esti-
mated effective population size (Ne) which is useful for considering the 
rate at which genetic diversity is lost from populations and so can inform 
about the risk of inbreeding depression (Frankham et al., 2019). Ninety 
studies (45.5%) estimated FIS, and for 44 of those, it was the only 
measure of ‘inbreeding’ (Appendix E). However, we excluded FIS as a 
useful indicator of fitness-related inbreeding, because many large and 
genetically diverse populations show positive FIS (‘inbreeding’ by this 
measure) through natural organisation of their mating systems, whereas 
small populations suffering from extreme genetic erosion will show FIS 
of 0 (no ‘inbreeding’) if they are approximately randomly-mating (Keller 
and Waller, 2002; Appendix D). Estimated values of FIS are strongly 
dependent on the spatial scale of sampling relative to the organisation of 
breeding pairs, and can be useful for understanding mating systems and 
the spatial scale at which mating is approximately random. 

Most studies in our sample provided measures of population genetic 
structure, intending to quantify the level of divergence among popula-
tion units, and their uniqueness. However, the methods most commonly 
applied (genotypic clustering 67%, FST and its relatives 77%) cannot 
differentiate between population genetic structure associated with ge-
netic erosion due to random genetic drift versus divergence that might 
be related to fitness and local adaptation. Genotypic clustering algo-
rithms (e.g. as implemented in STRUCTURE; Pritchard et al., 2000) are 
useful for visually exploring population structure based on neutral ge-
netic diversity as a prelude to further analysis. However, these tools do 
not quantify the processes driving genetic differentiation, and thus 
should not be the main basis for identifying population units of con-
servation concern, where they are often applied in ways that are unre-
peatable and not transparent (Gilbert et al., 2012; Janes et al., 2017; 
Appendix D). Similarly, FST can be a problematic measure of differen-
tiation and uniqueness when used to guide conservation decisions 
(Appendix D). Importantly, FST becomes strongly elevated in small 
populations under genetic drift, so perceived uniqueness could be 
merely a product of genetic erosion (Jost et al., 2018; Love Stowell et al., 
2017; Weeks et al., 2016). The prevalent use of genotypic clustering and 
FST to define population units in our sample of studies may contribute to 
why so many recommended separate management: in isolation, these 

approaches could suggest unique population units on the basis of dif-
ferences arising from genetic drift, in which case populations may 
benefit from gene-pool mixing (Weeks et al., 2016). A preferred metric 
to assess populations for gene-pool mixing is ‘mean kinship’, based on 
the average kinship of individuals in a population (Frankham et al., 
2017), but this measure was almost never used by studies in our sample. 

Interpreting the drivers of genetic differentiation among populations 
can be greatly assisted by reliable estimates of gene flow (Marko and 
Hart, 2011). These provide valuable insights into whether populations 
are isolated and thus prone to inbreeding, or alternatively were recently, 
or remain, genetically connected, which might indicate little likelihood 
of outbreeding depression on mixing (Fitzpatrick and Funk, 2019; 
Harrisson et al., 2016). Despite the value of this information, quantita-
tive measures of gene flow were reported in only 28% of the studies we 
evaluated (Fig. 5). The most common approach to appraising gene flow 
was using FST to estimate the number of effective migrants among 
populations (Appendix E). This approach is problematic, particularly in 
most conservation biology situations, which violate the assumptions 
linking FST to migration (Whitlock and McCauley, 1999; Appendix D). 
Furthermore, FST-based estimates cannot determine the timing of gene 
flow or its restriction, which are important for meaningful interpretation 
in conservation contexts (Appendix D). A small number of studies used 
more robust estimates of gene flow, such as coalescent analyses (Ap-
pendix E). The lower uptake of these programs may reflect the time, data 
and computing power they require (Kuhner, 2009). Estimating levels of 
contemporary gene flow (or at least dispersal) can yield insights into 
when gene flow among fragmented populations may have been dis-
rupted, and hence inform the risk that reintroducing gene flow could 
lead to outbreeding depression resulting from long-term separation 
(Stevens et al., 2018). Only a small proportion of the surveyed studies 
used available approaches to estimate contemporary gene flow or 
dispersal, including those allied to assignment tests and parentage 
(Fig. 5; Appendix E). 

While not a key focus of our analysis, the growing role of genomics in 
wildlife conservation should be acknowledged. Advances in genomics 
make acquisition of relevant data for defining units of conservation in-
terest more tractable, powerful and potentially standardizable. As 
genomic data continue to become more accessible, there is an oppor-
tunity to improve the efficiency and cost-effectiveness of large-scale 
genetic analyses, and so, better inform conservation management for 
at-risk populations (Hohenlohe et al., 2021). To this end, there are major 
international efforts to monitor populations using genomics, and to 
incorporate genetic targets into conservation consideration for wildlife 
(Hoban et al., 2020). 

3.3. Use of genetic data to make inferences about inbreeding depression 
and outbreeding depression 

Understandably, it was rare for studies to estimate fitness to inform 
management recommendations: this is difficult to do in wildlife, 
particularly for the ideal metric, lifetime reproductive success (Houde 
et al., 2011; Harrisson et al., 2019; Willoughby et al., 2019; Zilko et al., 
2020). However, the relationship between inbreeding and inbreeding 
depression is sufficiently well-understood to make assumptions about 
the likely fitness consequences of inbreeding, which is more easily 
estimated (Frankham et al., 2017; Harrisson et al., 2016, 2019; Pavlova 
et al., 2017). Likewise, while experimentally testing for outbreeding 
depression is particularly challenging (e.g. by breeding experiments and 
monitoring fitness over multiple generations), studies can still consider 
the established risk factors when making management recommenda-
tions (Frankham et al., 2011). 

Almost a third of studies we evaluated had collected genetic data that 
could contribute to assessing the likelihood of inbreeding depression 
and/or outbreeding depression, yet few of these went on to do so 
(Fig. 5). Furthermore, only a small proportion of studies made recom-
mendations based on implicit or explicit assessment of the relative risks 
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posed by alternative management options, which would connect the 
evidence collected to the conservation actions proposed. These findings 
support concerns that evidence is under-utilized when making man-
agement recommendations, even when data are available (Frankham 
et al., 2017; Pierson et al., 2016; Ralls et al., 2018). The generally low 
extent of risk-assessments in threatened species research and manage-
ment planning may contribute to the limited recognition and under-
standing among managers of the impacts that evolutionary processes 
have on species persistence (Cook and Sgrò, 2018). 

3.4. Use of evidence to support recommendations about gene-pool mixing 

In our detailed survey of 198 studies, the comprehensiveness of the 
risk-assessment was a strong predictor of the management recommen-
dations made (Fig. 6). This implies that less-comprehensive studies may 
have come to different conclusions had they considered more risk fac-
tors. Specifically, separate management was by far the most common 
recommendation of studies that considered zero or a single risk factor, 
and they rarely recommended gene-pool mixing. In contrast, studies that 
weighed up inbreeding- and outbreeding depression rarely suggested 
separate management. Instead, they were far more likely to recommend 
gene-pool mixing or a composite strategy where some populations 
would be mixed and others kept separate (composite strategy; Fig. 6). 
These findings support concerns that separate management is consid-
ered a safe, conservative and default recommendation, often unsup-
ported by evidence (Frankham et al., 2017; Love Stowell et al., 2017; 
Ralls et al., 2018). Separate management of populations may be 
appropriate when the risk of significant outbreeding depression is high, 
but even then may not be the best long-term management option. This is 
because the potential fitness costs associated with mixing may be minor 
or not persist, and the risks of outbreeding depression need to outweigh 
the elevated extinction risk from inbreeding depression caused by 
maintaining separate populations (Fitzpatrick et al., 2020; Frankham 
et al., 2011; Mitchell et al., 2019; Weeks et al., 2016). It is possible that 
some of the reticence to mix populations is due to the perception that an 
inappropriate decision to mix may be irreversible. Such a position ig-
nores the potential harm to populations from genetic erosion, and the 
loss of potential management options as populations dwindle (Zilko 
et al., 2020). In closely-monitored populations for which there are 
concerns that mixing was inappropriate, there may be opportunities for 
adaptive management such as removing individuals in order to reduce 
further gene flow. A robust risk assessment should usually have identi-
fied a good strategy, making cases of irreversible, inappropriate mixing 
very rare. The growing evidence for the positive and persistent benefits 
of appropriate genetic rescue (Bell et al., 2019; Frankham, 2015; 
Frankham, 2016) support the need to shift towards a more considered 
and evidence-based assessment of population management. 

3.5. Implications of our findings for evidence-based management of small, 
fragmented populations 

Conservation practitioners who recognise the value of considering 
evolutionary processes in management decisions often feel that they do 
not have the expertise to make informed decisions on their own, and rely 
on advice from experts (Cook and Sgrò, 2018). This makes it critical for 
studies to make management recommendations on the basis of an 
evidence-based assessment of the risks and benefits of alternative 
management actions (Taylor et al., 2017). Considering the costs and 
benefits of management action, or inaction, makes it clear that a robust 
evaluation of different risks has been undertaken and can assist in 
addressing any concerns stakeholders may have about different actions 
(Bell et al., 2019; Cook and Sgrò, 2018; Harrisson et al., 2016; a detailed 
example is given in Zilko et al., 2020 supplementary materials). Pub-
lished guidelines and decision-support tools can assist by setting out 
considerations and workflows (Frankham et al., 2017). However, 
greater collaboration is required between researchers making 

recommendations about the genetic risks, and the practitioners who are 
carrying out conservation actions, to support the long-term persistence 
of threatened species (Scheele et al., 2018; Taylor et al., 2017). 

Decisions regarding the management of fragmented populations can 
be complex, and their interpretation context-specific. While our research 
provides insights into how studies are framed in relation to the risks of 
alternative management strategies for threatened species, we did not 
evaluate whether the recommendations made by studies were justified 
by the genetic data they generated. Accordingly, what we present here 
may be an optimistic view of the robustness of current genetic man-
agement recommendations overall. A more detailed assessment 
exploring the degree to which conclusions are justified by the data 
would provide greater insights into the quality of recommendations, and 
may highlight additional areas for discussion and improvement. In the 
longer-term, analysis of genetic studies on the basis of the outcomes of 
management interventions for population persistence could highlight 
which analyses and measures provide the most robust predictors of the 
genetic condition of a population. Such information would be invaluable 
for standardising the quality of research and avoiding counterproductive 
recommendations for the genetic management of threatened species. 

4. Conclusions 

For management recommendations to be robust and well-informed, 
the risks posed by alternative actions need to be considered. Our results 
suggest that recommendations concerning separate management versus 
gene-pool mixing of threatened wildlife are rarely underpinned by a 
joint assessment of the risks both options present. Separate management 
is commonly prescribed even when the risks of alternative management 
actions have not been considered, often despite the relevant data being 
available. In contrast, the relatively few studies that considered the risks 
of competing management alternatives are considerably less likely to 
favour separate management and more likely to recommend gene-pool 
mixing. Thus many practitioners may be deterred from taking action 
that could prevent the continued erosion of genetic diversity within 
small, fragmented populations, leading to further loss of fitness and 
reducing the capacity of threatened species to adapt to change. If more 
studies implement robust risk-assessments when considering manage-
ment options, practitioners would be better supported to make evidence- 
based decisions about the genetic management of vulnerable species. 
Our findings highlight the opportunity for improved threatened species 
management if researchers explicitly evaluate the risks posed by alter-
native management options, and clearly communicate their findings to 
assist practitioners to identify management interventions with the 
greatest chance of positive conservation outcomes. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2021.109072. 
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