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The current rate of species extinction is rapidly approaching unprecedented highs, and life on Earth
presently faces a sixth mass extinction event driven by anthropogenic activity, climate change, and
ecological collapse. The field of conservation genetics aims at preserving species by using their levels of
genetic diversity, usually measured as neutral genome-wide diversity, as a barometer for evaluating pop-
ulation health and extinction risk. A fundamental assumption is that higher levels of genetic diversity lead
to an increase in fitness and long-term survival of a species. Here, we argue against the perceived impor-
tance of neutral genetic diversity for the conservation of wild populations and species. We demonstrate
that no simple general relationship exists between neutral genetic diversity and the risk of species extinc-
tion. Instead, a better understanding of the properties of functional genetic diversity, demographic his-
tory, and ecological relationships is necessary for developing and implementing effective conservation

genetic strategies.
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Are Species with Little Genetic Diversity
Endangered?

Climate change caused by human activity is currently
responsible for widespread ecological disruption and
habitat destruction, with an ensuing unprecedented
rate of species loss known as the Anthropocene Mass
Extinction (1-4). This catastrophic scenario poses a
serious threat to the future of life and human survival
on Earth that has sparked a global sense of emergency
about the need to preserve the diversity of life on the
planet. However, this emergency has also fostered the
development and implementation of imperfect and
often simplistic conservation strategies with poten-
tially detrimental consequences for the preservation
of life on Earth (5).

A fundamental conception underlying many of
these strategies is the importance attributed to intra-
specific genetic diversity (Box 1), measured at markers
scattered across the genome, for assessing the ex-
tinction risk of species facing rapid environmental
change and habitat destruction (6-8). Specifically, low
genetic diversity is often interpreted as an indicator of
inbreeding depression and increased genetic drift.

Moreover, low genetic diversity is related to reduced
individual life span and health, along with a depleted
capacity for population growth (9). In contrast, high
levels of genetic diversity are often seen as key to
promoting population survival and guaranteeing the
adaptive potential of natural populations in the face of
rapidly changing environmental pressures (10). These
principles are reflected in strategies such as genetic
rescue, where the genetic diversity of a threatened or
endangered population is increased by facilitating
gene flow from a population with high levels of
diversity (11).

Nonetheless, supporting empirical evidence for
the existence of a causal relationship between genetic
diversity and population viability or adaptive potential
is weak. If genetic diversity is indeed a major factor
affecting the health and survival of populations in the
wild, then one would expect endangered species to
show, on average, lower levels of diversity. However,
the International Union for Conservation of Nature
(IUCN) Red List status is only a poor predictor of a
species’ genome-wide nucleotide diversity (18-21)
(Fig. 1). It has been previously argued that this lack of
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Box 1. Neutral genetic diversity and effective population size

The amount of neutral genetic variation that segregates in a population is influenced by two opposing factors: mutation and
genetic drift. Mutation leads to an increase in genetic diversity, whereas drift tends to reduce variation. In mutation—drift equilibrium,
the amount of genetic diversity results from a balance between the rate of incorporation of novel mutations and the rate at which
variation is lost through drift. A variety of population genetic measures has been developed as an attempt to summarize the levels of
genetic diversity. A classic and often-used measure is nucleotide diversity (12), or =, which is calculated as the average number of
nucleotide differences per site between pairs of sequences in a sample.

Neutral genetic diversity is proportional to the mutation rate () and population size (N), reflecting the balance between mutation
and drift. This can most directly be seen when considering the lineages of a pair of sequences backward in time (i.e., their genetic
ancestry). Let us first consider a simple scenario of a diploid population with N individuals evolving under a Wright-Fisher (WF) model
with discrete generations, constant population size, and random mating. The probability of any two lineages coalescing (i.e., finding
a common ancestor) in the previous generation is 1/(2N), and the expected time to coalescence is the inverse of this rate, 2N
generations (13). If mutations occur along a lineage at a rate of p mutations per generation, then a pair of lineages accumulate on
average 2pu(2N) = 4Np mutations over this time span. Accordingly, under the assumption of an infinite sites model, it follows that E
[x] = 4Ny, i.e., both the mutation rate and the population size determine the average number of pairwise differences. It is possible to
relax many of the assumptions of the WF model (e.g., differences in numbers of breeding males and females, age-structured
populations, partial self-fertilization) by simply exchanging the census population size N with the coalescent effective population
size Nec (13). If the mutation rate is known, then Nec can be estimated empirically from genetic data by dividing the nucleotide
diversity by 4p.

However, the assumption of long-term constant population size can hardly be applied to natural populations, which frequently
undergo expansions and contractions. While a population size can still be estimated from neutral diversity, this “diversity” N, is
determined by demographic events occurring in the history of a population, including ancient bottlenecks and migration events.
Importantly, the estimated N offers little information about the immediate adaptive potential of a population. The emergence and
fate of beneficial mutations in a population undergoing environmental change depend not on the long-term historical demography
of the population, but instead on the shorter time frame of when the adaptive mutations establish in the population (14) (see also
Fig. 4). Accordingly, rather than interpreting the levels of genetic diversity within a population, conservation genetics studies might
benefit from estimating the contemporary effective population size. For example, the variance effective population size (Ney)
measures the fluctuation and dispersion of allele frequencies across generations and can be directly estimated from temporal data
for a specified period of time (15). The distinction between long-term, short-term, and contemporary estimates of N, (16) is par-
ticularly relevant as vulnerable natural populations usually undergo rapid population decline, a scenario that can lead to significant
differences between different estimates of N,. Various estimators of contemporary effective population size and their strengths,

weaknesses, and assumptions are reviewed in Luikart et al. (17).

correlation reflects a deficient classification and that genome-
wide patterns of neutral diversity should be incorporated into
IUCN's listing criteria to more accurately assess the likelihood of
future extinction and the associated need for conservation (20, 22,
23). However, a more parsimonious explanation is that the lack of
correlation is due to genetic diversity having only a minor pre-
dictive role for the viability or extinction risk of a species. Fur-
thermore, the increased rate of genetic drift in small populations
inevitably leads to low levels of neutral genetic diversity over time
(Box 1). Hence, it is expected that some endangered species show
low levels of neutral genetic diversity as a result of small pop-
ulation numbers and high levels of genetic drift, but this does not
imply that genetic factors, such as those listed in Table 1, are
causally responsible for decreasing population sizes or have an
impact on population health and survival.

In fact, genetic factors are clearly not the primary drivers of the
current unprecedented high rate of species extinction. Nonge-
netic factors such as overkill, habitat destruction and fragmenta-
tion, the introduction of invasive species, rapid climate change, or
pollution, reduce the growth rates of species and cause their
populations to decline (24). Nonetheless, genetic aspects such as
inbreeding depression or lack of adaptive diversity can certainly
contribute to the final extinction of an already diminished and
inbred population (25, 26).

Conservation genetic practice rests on the assumption that
measured levels of genetic diversity provide a direct indicator of
the degree to which genetic factors contribute to the risk of
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extinction, and that increasing or protecting genetic diversity in
small populations can mitigate this risk (e.g., ref. 27). The scope of
our paper is to critically examine such claims in the light of recent
population genetic insights as well as empirical results that were
made possible by the eruption of genomic datasets that became
available over the last decade. We propose that neutral genetic
diversity has only very limited relevance for conservation genetics.
Instead, individual genomes harbor functionally important,
genomically localized variation that can severely impact individual
fitness and should, therefore, guide conservation efforts. Pop-
ulation genetic models suggest that the relationship between
neutral diversity, functional diversity, and population viability, can
be unintuitive and rely on several unknown parameters. Thus, we
argue for the necessity of mapping adaptive genetic variation in
the genome, and for a better understanding of the determinants
of genetic load and its consequences. Importantly, however, the
conservation of species in their natural habitats or ecosystems can
ultimately be successful only when the primary nongenetic causes
for population decline are mitigated as well.

Inbreeding Depression and Hybrid Vigor

Two processes often cited in the conservation genetics literature
to link the amount of neutral genetic diversity to individual fitness
are "inbreeding depression” and “hybrid vigor.” The impact each
of these factors has on fitness arises from the exposure or masking
of recessive deleterious variants (28). In the case of inbreeding
depression, the reduction in fitness of individuals is caused by
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Fig. 1. Genome-wide nucleotide diversity is a poor predictor of IUCN'’s Red List status. Mammalian nucleotide diversity estimates were taken
from Robinson et al. (42). Some critically endangered (CR) species, such as the Yangtze river dolphin or baiji (Lipotes vexillifer), show extremely
low levels of nucleotide diversity. However, low levels of diversity are not necessarily due to recent anthropogenic pressures [the observed low
genetic diversity in the baiji is due to a population bottleneck during the last glacial maximum ~20 kya (114)]. Other endangered (EN) and
critically endangered species, such as the Sumatran orangutan (Pongo abelii), show levels of diversity that fall well within the range of least

concern (LC) species.

mating between related individuals as a result, for example, of
habitat fragmentation (29). Such consanguineous mating leads to
an increase in genomic segments of identity by descent harboring
recessive deleterious variants that become exposed in homozy-
gosity in some individuals (Fig. 2), and in extreme cases can lead
to the extinction of populations or species (Table 1). An inverse
process occurs in the case of outbreeding, where a fitness in-
crease in the population can be observed as a result of hybrid
vigor, as recessive deleterious mutations become masked in
heterozygous states in hybrid individuals (30) (Fig. 2).

Although often conflated in conservation genetic literature,
inbreeding depression is not mechanistically linked to low levels
of genetic diversity. Inbreeding depression can happen in a
population of any size and is probably worse in large, more di-
verse populations (31). Conversely, there are species with strik-
ingly low levels of diversity but no signs of inbreeding [e.g., the
brown hyena (32)]. A recent study by Kyriazis et al. (33) has pro-
posed that using a population with high levels of genetic diversity
for genetic rescue can in fact be ineffective for preventing the
extinction of small populations. By leveraging population genetic
simulations on ecological models, the authors demonstrated that
this occurs via the introduction of a large number of recessive
deleterious variants whose combined effects are potentially more

Table 1. Classification of genetic extinction models

Extinction model Trigger

Genetic mechanism leading to reduced fitness

harmful than the increase in fitness associated with hybrid vigor.
Moreover, they showed that outcrossing with a population with
low genetic diversity can introduce deleterious variants that had
drifted to fixation due to small population sizes (33). Thus,
according to their simulations, a population with intermediate
levels of genetic diversity is most effective for rescuing a small
endangered population.

Considering more complex relationships between genetic
variants and fitness, such as epistasis and gene-environment in-
teractions, makes the relation between inbreeding, outcrossing,
and fitness even less predictable. Facilitated outcrossing and
migration can lead to a species-wide reduction in diversity and
prevent local adaptation, leading to a further long-term negative
effect on species survival (34). Furthermore, as populations di-
verge and ultimately evolve into distinct species, hybrids between
them gradually become inviable and infertile. Thus, even though
outcrossing might prevent inbreeding depression, it can also lead
to reduced fitness because of noncompatible mutations within
hybrid individuals. Recombination in the hybrid population can
disrupt parental gene combinations (“coadapted gene com-
plexes”) and thus expose incompatibilities that lead to a decline in
fitness over several generations (35). Experimental studies that
examine hybrid fitness are often limited to the F1 and F2

Selected references
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Charlesworth and Willis (28); Hedrick and
Garcia-Dorado (117)
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Inbreeding Breeding of related individuals
depression

Mutational Ineffective selection due to small/
meltdown reduced population size

Many slightly deleterious mutations become
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Fig. 2. Inbreeding depression and hybrid vigor. Inbreeding leads to
an increase in homozygous genotypes. Recessive deleterious variants
that become homozygous lead to a reduction in fitness in affected
individuals (i.e., inbreeding depression). Outcrossing with individuals
from a different population reduces homozygous genotypes and thus
increases individual fitness again (hybrid vigor).

generations and thus do not take this potential decline in fitness
due to outcrossing depression in later generations into account
(36). Although outcrossing depression between diverged pop-
ulations can be predicted to some degree from sequence diver-
gence (37-39), we are only beginning to fully understand how
hybrid vigor over time transforms into hybrid inviability as a
function of genetic drift and the individual and epistatic fitness
effects of mutations (40). A better understanding of population
genetic mechanisms will facilitate an evaluation of the relative
risks of inbreeding and outcrossing depression. However, it is
clear that a simple relation with neutral genetic diversity is not
warranted.

Low Genetic Diversity and Mutation Load

Besides the effects of inbreeding on fitness, it is also often as-
sumed that low genetic diversity indicates that selection is inef-
fective and that random genetic drift dominates allele frequency
dynamics. As a consequence, deleterious mutations are not ef-
fectively removed and/or increase in frequency, resulting in re-
duced mean fitness of the individuals in a population
(i.e., mutation load; see SI Appendix, Text S1). Such a reduction in
fitness can lead to reduced population size and a higher risk of
stochastic demographic extinction. Moreover, in very small pop-
ulations, this increase in drift leads to the fixation of slightly del-
eterious mutations and, in a vicious circle, to further reduced
population size, even less effective selection, and eventually, to
the extinction of the population (a process often referred to as
“mutational meltdown”; see Table 1). Although we do not dis-
count that, over long periods of time, a lack of effective selection
and the accumulation of deleterious mutations will most certainly
impact the genomic and physiological integrity of an organism, it
is not exactly clear when reduced neutral genetic diversity is in-
dicating problematic levels of genetic drift, or when population
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size becomes too small to prevent a decline in population via-
bility. Experiments in Drosophila suggest that the species can
survive for many generations with population sizes as small as 25
individuals without showing any signs of reduced fitness com-
pared to outbred wild populations (41). Furthermore, certain
species, such as the San Nicolas island fox (42), the vaquita por-
poise (43), or the brown hyena (32), have a near absence of ge-
netic variation, even though no fitness reduction or any apparent
genetically linked diseases have been observed. From a theo-
retical perspective, it is possible for a species to persist even with
high levels of deleterious mutation load (44). Population persis-
tence crucially depends on the specific conditions of how and
when selection acts (S/ Appendix, Text S1), and a better under-
standing of the ecological relevance of mutation load is thus
necessary to predict its effect on the extinction risk of a population
(44). Furthermore, the purging of partially recessive deleterious
mutations might be another important factor to explain the long-
term survival and apparent lack of inbreeding depression in some
small populations (45).

The recent availability of genomic datasets has made it pos-
sible to directly estimate and compare the mutation load across
different species. Contrary to expectations commonly assumed in
conservation genetics, species with small population census size
seem to contain less (additive) mutation load than species with
larger population sizes (46). Notwithstanding, measuring differ-
ences in mutation load between diverged species is challenging
and potentially prone to bioinformatic biases and measurement
errors (47) (S| Appendix, Text S1).

A more tractable question is how demographic differences
between populations of the same species have affected the dis-
tribution of genetic diversity and load. In this case, only mutations
that segregate in the ancestral population of the species have to
be considered, and the alignment of genomes is less error-prone
than when comparing genomes from different species (47, 48).
Results point to an existing but weak relation between neutral
diversity and mutation load in bottlenecked populations (49, 50).
For example, in humans, the Out-of-Africa bottleneck ~50,000 y
ago has strongly reduced neutral genetic diversity in non-African
human populations. However, even in one of the most extremely
bottlenecked human populations, the Greenlandic Inuit, the es-
timated additive mutation load shows, at most, only a slight in-
crease compared to African populations (51). Although the Inuit
carry deleterious mutations at higher frequencies than other
populations, they also carry fewer deleterious variants overall. This
is consistent with population genetics theory that suggests that
the number of deleterious variants per individual is only modestly
affected by a reduction in population size since many deleterious
mutations are lost during the bottleneck (47, 49, 52). More gen-
erally, a significant increase in additive mutation load is expected
only under severe and extended reductions in population size that
exceed that of the human Out-of-Africa bottleneck (49) and lead
to a reduction in population mean fitness as a result of an increase
in the frequency of slightly deleterious mutations through drift
(Fig. 3). Mutation load due to strongly recessive mutations can
show a more immediate response to changes in population size or
surges of inbreeding (47, 51). However, similar to additive load,
the long-term equilibrium value hardly depends on population
size and thus cannot be predicted from neutral diversity (Fig. 3).

Neutral Diversity Does Not Predict Adaptive Potential
Another key concept in the conservation genetic literature is that
of adaptive (or evolutionary) potential, which can be defined as
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Fig. 3. Forward in time simulations over a wide range of population sizes show mutation load is only modestly affected by N.. The forward in time
population genetic simulations with SLiM 3 (115) assumed a constant population size, ranging from 200 to 25,000 individuals. We simulated a
total of 1,000 evenly distributed exons over a genetic length of 10 cM, with a nonsynonymous to synonymous ratio of 2:1, and a mutation rate of
1e-5 per exon. The selection coefficient of the nonsynonymous mutations was sampled from a gamma distribution as estimated in Huber et al.
(98), and synonymous mutations were assumed to be neutral. We considered either additive (h = 0.5; red) or recessive (h = 0; blue) deleterious
mutations. We simulated 100,000 generations and recorded genetic diversity and mean fitness of individuals in the population at the end of each
run. (A) The number of segregating synonymous sites is proportional to the population size, as expected from neutral theory. (B) Above a
long-term population size of 5,000, the population mean fitness is close to the maximum, and independent of population size. Only with a fairly
small population size of fewer than 1,000 individuals over prolonged periods of time does fitness become severely reduced due to the fixation of
slightly deleterious mutations. This result, i.e., that only a few hundred individuals are necessary to prevent a decline in population fitness and
viability, holds true under more realistic simulations of mammalian genomic parameters (33), and when extending the model to allow for

beneficial mutations and epistasis (116).

the ability of populations to respond to shifts in environmental and
selective pressures by means of phenotypic and/or molecular
changes (53) and thus prevent extinction due to maladaptation
(Table 1). Accordingly, it is assumed that populations with higher
genetic diversity have more adaptive potential because of higher
levels of standing genetic variation, which makes them more ro-
bust to changing environmental conditions and, thus, more suit-
able for conservation efforts (54). However, evidence from
surveying genetic diversity of wild populations is showing that
such a relationship might not always exist. A study evaluated the
effects of introducing steelhead trout (Oncorhynchus mykiss), a
species known to hatch in rivers and live in the ocean before
returning to freshwater for spawning, from California into Lake
Michigan in the 1880s (55). Upon its introduction to Lake Michi-
gan, steelhead trout began to use the lake as a surrogate ocean
and, despite this remarkable shift in environmental conditions and
a strong population bottleneck, showed distinct signatures of lo-
cal adaptation (55). Similarly, an experimental study in brook trout
(Salvelinus fontinalis) suggests that low genetic diversity does not
prevent or predict transplantation success into fishless ponds over
a wide gradient of ecological variables (56). As another example,
dramatically bottlenecked northern European populations of
Arabidopsis lyrata and Arabidopsis thaliana show strong genomic
footprints of adaptation (57, 58), and experimental evidence
suggests that their strongly reduced genetic diversity has not af-
fected their ability to adapt to local environmental conditions
(59-61). To investigate the determinants of the rate of genetic
adaptation more generally, population genomic studies have
analyzed genome-wide polymorphism and divergence data from
many different species and concluded that low-diversity taxa do
not seem to accumulate adaptive substitutions at a substantially
lower rate than high-diversity taxa (62, 63), although within certain
groups such a relationship might exist (63, 64).
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These results question the existence of a simple general rela-
tionship between the levels of genome-wide genetic diversity
observed in a population and its potential to genetically adapt to
changing environmental conditions. Instead, the nature of genetic
diversity segregating at particular loci seems to be substantially
more important (65, 66), and selection acting on these variants
makes their distribution and evolutionary trajectories potentially
quite distinct from neutral variants. As stated by Lewontin in 1974,
“The question was never really how much genetic variation is
there but rather what is the nature of genetic variation for fitness in
a population” (67). Genetic diversity at few selected loci can be
maintained for millions of years in species or populations via
balancing selection (68, 69), including overdominance or het-
erozygote advantage, temporal/spatial variation in selective
pressures, negative frequency-dependent selection, and pleiot-
ropy (70). In fact, balancing selection might constitute a wide-
spread and important mechanism enabling rapid adaptation (71).
The classical example of balancing selection is the major histo-
compatibility complex (MHC) region, which is responsible for
antigen presentation and immune response in vertebrate species
(70). It has been shown that rare MHC alleles can confer increased
resistance when parasites are introduced into a host population
where they were previously not present (72). Shifts in parasite
composition can lead to adaptive changes in the frequency of
MHC alleles, as observed in sticklebacks (73), birds (74), and frogs
(75). Such shifts in parasite composition can be a response to
climatic changes (76) and thus might become increasingly rele-
vant for future conservation efforts.

Notably, MHC diversity is not related to effective population
size when comparing central chimpanzees and humans (77), but is
strongly correlated with environmental factors, such as pathogen
load, in the latter (78). Similarly, in a study involving invasive cane
toads (Rhinella marina) in Australia, the levels of genetic diversity
at loci involved in resistance to heat and dehydration are either
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weakly or not at all correlated with effective population size, even
in the case of severe bottlenecks (79). Thus, genetic variation that
might become relevant in future climatic conditions is not nec-
essarily largest in populations with the most genome-wide ge-
netic diversity. However, the current paradigm in conservation
genetics would misleadingly suggest that the population with the
most neutral diversity has the highest "adaptive potential” re-
garding future climatic change. Consequently, a recent study on
bottlenose dolphin populations (Tursiops aduncus) has argued for
an evaluation of the levels of diversity contained within the MHC
region, rather genome-wide patterns of neutral genetic diversity,
for conservation purposes (80).

Balancing selection is not the only mechanism distorting the
relation between neutral diversity and adaptive potential. If ad-
aptation involves preexisting mutations that shift from effectively
deleterious to beneficial as the environment changes, then ad-
aptation can be almost unaffected by population size since the
frequency of segregating deleterious mutations is on average
higher in small populations due to less effective selection (Fig. 4).
Evidence from experimental evolution and empirical population
genetic studies indicates that beneficial mutations are typically
deleterious in the absence of selective pressures (81), suggesting
that such dynamics likely occur in nature. Similarly, quantitative
genetic models show that stabilizing selection and pleiotropy can
strongly reduce the correlation between neutral diversity and
additive variation of a quantitative trait (54). Importantly, neutral
genetic diversity is determined by demographic events occurring
in the history of a population, including ancient bottlenecks and
migration events (Box 1), whereas the emergence and fate of
beneficial mutations after environmental change depend on the
population size immediately after the change (14, 82) (Fig. 4).
Hence, in order to predict the adaptive potential of populations, it
is necessary to estimate the immediate effective population size,
the effect size and rate of mutations that contribute to adaptation,
and the mutational target size (14, 83), all of which are parameters
that are difficult to assess (81).

Finally, it is often argued that genetic rescue increases the
genetic diversity and, therefore, the adaptive potential of low-
diversity populations. This implies that an increase in fitness is
not predominantly caused by heterosis, but rather that adaptive
mutations are transferred from the large to the small population,
i.e., there is adaptive variation segregating at high enough fre-
quencies in the source (larger) population. Such an assumption
depends, as above, on the mutation rate, the mutational target
size, and the effective population size (14, 81, 83), but also on past
environmental conditions that might have shaped adaptive di-
versity in the source population. This is nicely exemplified by
adaptive introgression that resulted from a series of admixture
events between archaic and modern humans (84-92). Even
though Neanderthals and Denisovans had very low levels of ge-
netic diversity and small long-term effective population sizes, the
two groups were exposed to harsh climatic and biotic conditions
for thousands of generations and thus were able to accumulate
adaptive genetic variants that were then introgressed into modern
human populations and facilitated adaptation to high altitude
(86), pathogens (88), and cold climatic conditions (89). Accord-
ingly, the choice to concentrate conservation efforts on pop-
ulations with higher levels of genetic diversity might only be
effective in a very restricted set of scenarios (93, 94).
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The Future of Conservation Genetics in the Face of Mass
Extinction

We provide several empirical and theoretical arguments that
challenge the commonly assumed simplistic relation between
genome-wide patterns of neutral genetic diversity and population
persistence or adaptive potential. We argue that such a relation
remains speculative and should thus be excluded from conser-
vation strategies. Instead, we suggest alternative approaches that
focus on gaining a better understanding of the genetic basis of
deleterious and beneficial variation.

In general, a better knowledge of crucial population genetic
parameters, including “dominance” and “epistasis,” will allow us
to better predict the effects of reduced population size, in-
breeding, and outcrossing, on fitness and adaptive potential (40,
47, 48, 54, 95-98). For example, better knowledge of the distri-
bution of dominance coefficients in natural populations (e.g., 96)
will lead to an improved understanding of the relevance of
purging for inbreeding load in small populations (99) and the
dynamics of genetic rescue (33, 100). Moreover, more detailed
knowledge of epistasis (e.g., refs. 40 and 101) will lead to a better
prediction of the time course of outbreeding depression in hybrid
populations (35). Improving the knowledge of population genetic
processes affecting natural populations could, in turn, lead to
more effective conservation strategies. For example, it would be
possible to predict in which species and under which demo-
graphic histories genetic rescue can be most successful (33),
which individuals or populations to use when implementing ge-
netic rescue, or when to expect a possibly undesirable replace-
ment of native genomes by the introduced immigrant alleles
(100). While the estimation of these population genetic parame-
ters remains quite challenging, recent work has shown novel ways
of inference using model-based approaches (40, 96, 101-103).
Likewise, bioinformatic and comparative genomic methods can
provide useful information on the location and strength of dele-
terious variation (104), but their reliance on assumptions should be
carefully evaluated (SI Appendix, Text S1).

Furthermore, we argue for the need to better understand
functional genetic variation that is relevant for future environ-
mental and climatic change. To investigate relevant variation, at
least three conditions have to be satisfied. First, the environmental
variables negatively affecting a species (e.g., drought) have to be
known, as well as their predicted geographical and/or temporal
expansion in the future. Second, tolerance or robustness to the
changing environments needs to be variable within the species
and exhibit a significant genetic basis (e.g., some populations are
genetically more drought resistant than others). Third, it must be
possible to map the corresponding genetic variants and to predict
which individuals will be most tolerant or robust to the detrimental
environment. Such an approach could be used to select individ-
uals for managed translocations and selective breeding or to
protect the most promising populations of a species given pre-
dictable changes in climatic and environmental variables (105).
Recent empirical and experimental studies illustrate the exciting
potential for mapping adaptive variation and incorporating ge-
nomics to study and predict traits of conservation importance
(106-108). However, we want to emphasize that complex gene-
environment interactions and genetic incompatibilities between
source and recipient populations can greatly reduce the benefit of
genetic mixing (109), and that there is no guarantee that such
facilitated evolutionary strategies are effective enough to coun-
teract the drastic climatic and ecological challenges of the
Anthropocene. Furthermore, in many instances, such genomic
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Fig. 4. Adaptive potential can be fairly unrelated to neutral genetic diversity. In this example, adaptation involves preexisting mutations that shift
from deleterious (s = —0.1) to beneficial (s = 0.1) to mimic the response of two different populations to a shift in environmental conditions. Here,
selection is strong enough such that deleterious mutations are effectively selected and thus unlikely to fix even in the smaller population, which is
a fundamental assumption of this model. (A) The allele frequency trajectories of selected mutations are plotted as a function of time (note that the
trajectories of multiple mutations are overlapping). Before the change in environmental conditions at generation 1,000 (dashed vertical line), the
two populations had vastly different population sizes of 1,000 (Left) and 100 individuals (Right), respectively. In the larger population, where
selection is more effective, deleterious mutations segregate at lower frequencies (red lines, Left) compared to the smaller population (red lines,
Right). After the change in environmental conditions, both populations are composed of 100 individuals, and segregating deleterious mutations
become beneficial (blue lines). (B) Neutral genetic diversity right after the change in environmental conditions is, as expected, 10 times larger in
the historically larger population. (C) However, because the fixation probability increases with allele frequency and deleterious mutations
segregate at higher frequencies in smaller populations, the number of fixed adaptive mutations after the change in environmental conditions has
a very similar distribution in both populations, whereby the effects of historical population size are much less apparent. The plots in B and C
summarize results of 500 replicates.

approaches might be too laborious and impractical compared to ~ Data Availability. There are no data underlying this work.
strategies that rather focus on alleviating nongenetic threats to
the population (24). Finally, we agree that the best way to pre-

serve biodiversity is to restore and conserve natural ecosystems,
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