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Many species have undergone dramatic population size declines over the past
centuries. Although stochastic genetic processes during and after such
declines are thought to elevate the risk of extinction, comparative analyses
of genomic data from several endangered species suggest little concordance
between genome-wide diversity and current population sizes. This is likely
because species-specific life-history traits and ancient bottlenecks over-
shadow the genetic effect of recent demographic declines. Therefore, we
advocate that temporal sampling of genomic data provides a more accurate
approach to quantify genetic threats in endangered species. Specifically,
genomic data from predecline museum specimens will provide valuable base-
line data that enable accurate estimation of recent decreases in genome-wide
diversity, increases in inbreeding levels, and accumulation of deleterious
genetic variation.

Genetic Threats to Small Populations
The population sizes of many wild organisms have gone through dramatic declines over the
past 200 years as a consequence of human activities [1]. This has raised the concern that
processes related to small population size might lead to an increased risk of extinction [2]. The
underlying mechanisms include not only stochastic demographic and environmental events [3],
but also genetic processes, such as increased genetic drift and inbreeding levels (see
Glossary) [4]. For example, strong genetic drift can lead to a loss in standing genetic variation,
reducing the adaptive potential of the population [5]. Moreover, increased genetic drift and
inbreeding can lead to inbreeding depression through increased exposure of recessive
deleterious alleles in homozygotes, as well as an increase in homozygosity at loci in which
heterozygous genotypes have a fitness advantage [6].

Additionally, theoretical work suggests that genetic drift in small populations can become so
strong that the ability of purifying selection to remove detrimental alleles is reduced [7],
causing accumulation and fixation of deleterious variants throughout genomes. This accumu-
lation of deleterious alleles can result in negative population growth, which in turn would lead to
even higher genetic drift and more deleterious alleles becoming fixed, a process that ultimately
might result in extinction [8].

There is a growing body of empirical evidence from both laboratory and wild settings showing
that high inbreeding levels and loss of genetic variation can impact population viability [9].
However, in populations where deleterious alleles have become fixed, or in cases where all
individuals are equally inbred, detecting decreased fitness via inbreeding depression using
pedigree data or heterozygosity-fitness correlations is not possible [10]. While computer
simulations have shown that inbreeding depression can elevate extinction risk (e.g., [11]),
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Glossary
Adaptive genetic diversity: fraction
of the genetic variation in a
population that, given a particular set
of environmental conditions, has a
positive effect on the fitness of the
individuals carrying it and, thus, is
susceptible to being driven to high
frequencies in the population by
positive selection.
Adaptive potential: also termed
evolvability or evolutionary potential;
capability of a population to respond
to selective forces as environmental
conditions change.
Deleterious or detrimental
genetic variation: fraction of the
genetic variation in a population that
has, or could have, a negative
impact on the fitness of the
individuals that carry it.
Genetic drift: stochastic changes in
allele frequencies across generations
of a population of finite size due to
the random sampling of parental
alleles.
Genetic load: proportion of mildly
deleterious genetic variants
accumulated across the genome.
When random genetic drift is a
strong force (i.e., in small
populations), mildly deleterious
genetic variants are not as likely to
be purged, but rather fixed by drift,
thus increasing the genetic load.
Genome-wide heterozygosity:
proportion of sites across the
genome that are polymorphic
between the genome copies of a
diploid or polyploid organism.
Genomic erosion: collective term
that includes the entire array of
negative genetic changes caused by
random processes in small
populations, such as loss of
genome-wide diversity, alterations in
genomic structural variants (e.g.,
deletions), as well as the
accumulation of runs of
homozygosity and deleterious
mutations.
Identical by descent: status of two
identical alleles in a diploid genome
that are so because they derive from
a common ancestral allele.
Inbreeding: the mating of relatives,
where the inbreeding coefficient (F) is
defined as the probability that two
alleles in an individual are identical by
descent.
Inbreeding depression: reduction
in the viability of a population due to

comprehensive evidence from threatened wild populations is lacking, as is evidence that
processes, such as the accumulation of deleterious alleles, have a direct impact on endangered
species. Therefore, given the potential genetic threats discussed above, there is a need to
better understand to what extent recent demographic declines have led to losses in genetic
variation, as well as increased inbreeding levels and genetic load, in endangered species [12].

An Unfulfilled Promise of Modern Genomics
Conservation geneticists have traditionally used genetic markers, such as mitochondrial DNA
and autosomal microsatellite markers, to survey genetic variation (e.g., [13–15]). Moreover,
unless pedigree data have been available, microsatellites have been used to estimate inbreed-
ing levels (e.g., [16]). However, the suitability of such markers for population genetics purposes
has been repeatedly questioned, because they have been found to be underpowered and to
render contradictory results [17–20].

With the advent of high-throughput sequencing techniques, it is now feasible to sample
genome-wide diversity at the population level [21]. As sequencing costs decrease, de novo
assembled and annotated reference genomes are being generated for a rapidly growing
number of non-model organisms and these, in turn, provide the foundation for population-scale
resequencing projects [22–26]. Such whole-genome sequencing data now enable conser-
vation geneticists to obtain accurate estimates of present-day levels of genome-wide diversity
and inbreeding levels, as well as detecting the presence of deleterious alleles [5,27–30].
Furthermore, genome sequencing also makes it possible to quantify copy number variants
(CNVs), deletions, and even larger scale rearrangements. Such variants have long been known
to hold significant relevance for genomic and phenotypic functions, although, until recently,
most of our understanding of the extent of their roles was limited to the context of the evolution,
health, and disease of humans and other model organisms [31,32].

Nonetheless, despite the apparent wealth of possibilities offered by the application of genomics
to conservation, and the initial enthusiasm for sequencing large numbers of individuals from
present-day populations, there is a risk that the lack of an appropriate strategy might render
genomics uninformative for conservation and management [27]. Indeed, several recent studies
that have estimated genome-wide diversity in endangered species [21,25,33] show that, even
though genome-wide diversity estimates are correlated with current population sizes
(Figure 1A), this correlation is rather weak (r2 = 0.29) and there is no relationship between
genome-wide diversity estimates and the IUCN Red List status of a species (Figure 1B).
Similarly, there is no apparent correlation between genome-based estimates of inbreeding
or genetic load and current population sizes in endangered taxa [25]. Instead, it appears that
factors other than recent demographic changes, such as ancient population bottlenecks
[34] and species-specific life-history traits [35], are more important in influencing genome-wide
diversity in wild organisms, and that these, consequently, overshadow the effects of recent
declines in population size. Taken together, these observations suggest that interspecific
comparisons of contemporary genome-wide diversity are poor proxies for population size
and conservation status in wild organisms and provide little information on the extent of
genome erosion that endangered species have been subjected to as they approach the brink
of extinction.

Conservation Paleogenomics: Establishing Predecline Baselines
We advocate that analyses of temporally sampled genomic data can provide a more accurate
approach to quantify the genetic threats that endangered species face, as opposed to relying
exclusively on present-day genomic data. Specifically, comparisons of present-day genomic
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data with that from museum specimens pre-dating demographic declines enable the direct
quantification of recent changes in genetic parameters on a genome-wide scale [36–38]. Such
changes are particularly relevant in a conservation context, because populations that have
gone through rapid declines in size are thought to be more prone to inbreeding depression than
are populations that have been small for a long time [5]. The parameters that can be estimated
using a temporal genomic approach include not only changes in neutral genetic diversity
and adaptive genetic diversity, but also changes in inbreeding levels (see below and Box 1).
Moreover, this approach can also be used to obtain accurate estimates of whether, and to what
extent, deleterious genetic variation has accumulated through time.

The analysis of serially sampled population genomic data is routinely being used in ancient DNA
studies, on samples that are several thousands of years old (e.g., [37,39,40]). Moreover, serial
sampling of museum specimens using genetic markers, such as mitochondrial DNA and
microsatellite loci, was introduced during the early 1990s, and has since been applied to a
range of endangered taxa [41,42]. However, we propose that a temporal approach using
genomic data is already possible, can provide valuable information that cannot be obtained
using traditional marker types, and, thus, needs to be exploited in conservation biology.

The extensive demographic declines that most currently endangered species have gone
through occurred during the past few centuries [1]. Consequently, many museum collections
contain specimens that pre-date the onset of these demographic declines. This means that
natural-history collections constitute archives of the past that are valuable for conservation
genomics, since these collections can be used to establish baseline levels of genome-wide
diversity. Indeed, several recent studies have shown that museum specimens stored at
ambient temperatures, even for several hundreds of years, can contain relatively high pro-
portions of endogenous DNA [38,43–47], particularly if they are from tissues that were
preserved in a manner that prevented microbe-driven putrefaction (e.g., drying or tanning,
pickling in alcohol, or stripping off the soft tissues shortly after time of death, in the case of
bones). The recovered DNA is often highly fragmented, with the retrieved sequences that can
be unambiguously aligned to the reference genomes normally ranging from 25 to a few hundred
base pairs (bp; typically peaking at 40–80 bp [48]; Box 2). The high-throughput sequencing
platforms currently favored by paleogenomicists, such as the Illumina, IonTorrent, and BGISeq
series, are ideally placed to recover the full sequence information from these types of sample.

Applying a shotgun sequencing approach to historical museum samples could also be used to
retrieve an array of additional information about evolutionary and ecological changes through
time in endangered species, such as changes in the microbiome, associated pathogens, as
well as methylation patterns of a species (see Outstanding Questions). Moreover, recovering
DNA from dental calculus [49] or paleofeces [50] could provide a powerful way to examine
changes in diet that occurred in conjunction with demographic declines in endangered species.

Quantifying Temporal Genomic Erosion
There are two important challenges to accurately and effectively infer temporal genomic
changes in endangered species that are relevant in a conservation perspective. First, to
reconstruct multiple genomes from both modern and historical samples, a reference genome
is needed. To maximize quality, the reference should ideally be a de novo assembly from the
same species. Alternatively, a reference from a closely related species could be used, although,
in that case, the divergence time also needs to be considered. This is because fewer sequence
reads will be retrieved the more distant the reference is, and this can lead to biases in the
resulting genome [51,52]. Second, there is a lack of established methods to accurately infer

either inbreeding or genetic drift.
Both processes lead to an increase
in homozygosity at the population
level, which will in turn expose
detrimental alleles, and augment the
proportion of homozygosity at loci
where the heterozygote has a fitness
advantage.
Loss-of-function (LoF) variants:
alterations of the DNA sequence with
pervasive effects on the expression
and regulatory mechanisms of the
genic regions of a genome.
Neutral genetic diversity: fraction
of the genetic variation in a
population that does not have any
effect on the fitness of the individuals
that bear it, and whose frequency is,
therefore, not determined directly by
selective forces.
Paleogenomics: scientific field
devoted to the genomic analysis of
historical samples using ancient DNA
technology.
Population bottleneck: severe
reduction in population size due to
extrinsic, nongenetic factors.
Purging: enhanced form of purifying
selection that acts on small
populations in which increased levels
of homozygosity expose recessive
deleterious alleles.
Purifying selection: selective force
that eliminates detrimental alleles
from a population.
Reference genome: consensus
DNA sequence stored as a digital
dataset that represents, with a
relatively high level of completeness,
the actual genome of a given
species.
Runs of homozygosity: stretches
of genomic sequence that are
identical at every position on the two
genomic copies of a diploid
organism. Inbreeding and, at a more
localized scale, selection can
generate runs of homozygosity,
which are in turn disrupted over time
through mutation and recombination.
Whole-genome sequencing:
acquisition of genomic data that
span as much of the entire genome
sequence of an organism as possible
by means of sequencing techniques.
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temporal genomic parameters of conservation interest, likely because it has only recently
become possible to generate such data. For example, current methods to detect microevolu-
tionary processes, such as natural selection and genetic drift, are primarily based on inference
using modern samples [53,54] and, thus, are unable to leverage the power of serial sampling to
capture the specific dynamics of changes in both allele frequencies and genome architecture.

To tackle this issue, there are several genomic parameters that we believe are relevant in the
context of endangered species and that can be easily incorporated into a temporal framework
provided that genomes from at least two different time points are available (Box 1). This would
enable the calculation of delta estimators that represent temporal changes in, for example,
heterozygosity (Dh), inbreeding (DF), genetic load (DL), and genomic deletions (Dd).
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Figure 1. Relationship between Genome-Wide Heterozygosity, Census Population Size, and Conservation Status in Endangered Species.
Approximate census population sizes and threat categories (in different colors), as extracted from the IUCN Red List (www.iucnredlist.org/). All genome-wide
heterozygosity values were obtained from whole-genome sequencing studies [22,25,26,33,73–75]. (A) Relationship between census population size and present-day
genome-wide heterozygosity (r2 = 0.29, F = 12.51, P = 0.0015). (B) Genome-wide heterozygosity levels for species with different IUCN Red List status. Heterozygosity
levels for different Red List categories were not significantly different (ANOVA, F = 2.06, P = 0.14). The taxa used in the comparisons are: WLG, Western lowland gorilla,
Gorilla gorilla gorilla; WNG, Western Nigerian gorilla, Gorilla gorilla diehli; ELG, Eastern lowland (Grauer’s) gorilla, Gorilla beringei graueri; SOR, Sumatran orangutan,
Pongo abelii; CAH, Cameroon chimpanzee, Pan troglodytes ellioti; WCH, Western chimpanzee, Pan troglodytes verus; ECH, Eastern chimpanzee, Pan troglodytes
schweinfurthii; CEC, Central chimpanzee, Pan troglodytes troglodytes; BOR, Bornean orangutan, Pongo pygmaeus; ALI, African lion, Panthera leo; ATI, Amur tiger,
Panthera tigris altaica; TDE, Tasmanian devil, Sarcophilus harrisii; SLE, snow leopard, Panthera uncia; GPA, giant panda, Ailuropoda melanoleuca; WBT, white Bengal
tiger, Panthera tigris tigris; PBE, polar bear, Ursus maritimus; BBE, ABC brown bear, Ursus arctos; GJA, golden jackal, Canis aureus; WOL, wolf, Canis lupus lupus;
CIB, crested ibis, Nipponia nippon; LEG, little egret, Egretta garzetta; DPE, Dalmatian pelican, Pelecanus crispus; GBC, great black cormorant, Phalacrocorax carbo;
KEA, kea, Nestor notabilis; BEA, bald eagle, Haliaeetus leucocephalus; WTE, white-tailed eagle, Haliaeetus albicilla; ILY, Iberian lynx, Lynx pardinus; ELY, Eurasian lynx,
Lynx lynx; ACH, African cheetah, Acinonyx jubatus.
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Genome-Wide Heterozygosity
The change in genome-wide diversity caused by demographic declines provides a good proxy
for the loss of adaptive potential that an endangered species has been subjected to. Accurate
information about the genome-wide diversity of a population can be estimated by, for example,
computing heterozygosity (h) obtained from whole-genome analyses of single diploid individu-
als [55]. However, a relevant drawback is that uneven coverage, presence of errors charac-
teristic of shotgun sequencing experiments, and postmortem damage (PMD) patterns
characteristic of historical and ancient DNA-sequencing experiments [56] can hinder the ability
to retrieve reliable heterozygosity estimations. Therefore, generating less biased estimates of
heterozygosity from historical samples might require relatively high genome coverage (typically
>10�).

Runs of Homozygosity
The level of inbreeding in a population can be assessed by estimating the amount of within-
individual runs of homozygosity (ROHs). At the most fundamental level, ROHs can be
defined as chromosomal stretches of a diploid genome that are in a homozygous state [57].
The total number and cumulative length of ROHs can be used to estimate individual
inbreeding coefficients (F [58]). Moreover, the abundance and size distribution of ROHs
provide additional information about the evolutionary history of a population [59]. While
small ROHs (<200 kb) probably constitute remnants of ancient inbreeding events where the
resulting ROHs have been fragmented due to recombination, longer ROHs represent
stretches of DNA that are directly identical by descent and can be used to assess
the levels of recent inbreeding in the population that the individual was sampled from
[28]. In analyses comprising only modern data, small to intermediate-sized ROHs are
typically disregarded since it is difficult to resolve whether they are a result of background
relatedness or demographic bottlenecks from a distant past [59]. However, since ROHs
caused by ancient bottlenecks would also be present in the baseline historical samples,
accumulation of short ROHs resulting from recent (postdecline) inbreeding between distant
relatives can be reliably identified [37] and, therefore, should also be incorporated in DF
calculations (Box 1).

Box 1. Genomic Erosion Methods and Delta Estimators

Individual genome-wide heterozygosity (h) is routinely estimated in genome sequencing studies using genotype hard
calls. After variant calling (e.g., GATK [76]), h can be expressed as the number of heterozygous sites divided by the total
number of genotyped sites. More elaborate methods make use of likelihood estimates of the population mutation
parameter u (mlRho [37,77]) or of genotype probabilities to estimate Waterson’s theta uW (ANGSD [78]). Emerging
approaches to estimate h can deal with low-quality data, such as low coverage and small fragment size [79], and DNA
damage [80]. Genomic runs of homozygosity (ROHs) can be detected in sliding windows using PLINK [81],
Watterson’s theta (uW) and change-point analyses [82], with a LOD estimator [59], or using the TMRCAs estimated
by PSMC (e.g., [37]). New methods, such as BCFTOOLS/RoH [83] and H3M2 [57], use a more-refined Hidden Markov
Model approach to identify ROHs. To detect deleterious variants, genomes can be annotated with tools such as
ANNOVAR [84], or lifted over from a closely related species. Tools such as VEP [85] can be used to predict deleterious
variant consequences (i.e., [24]). Using a copy number variation strategy, genomic deletions can be identified as
stretches of the genome in which the per site coverage is consistently lower than the genome average using a change-
point analysis algorithm [82].

Regardless of what method is used, each index can easily be transformed into a conservation-relevant delta estimator
that incorporates the temporal dimension of the change, by subtracting the baseline value of the predecline samples
from the present-day ones (see Figure 2 in the main text). Thus, following theoretical predictions [8], endangered species
that have suffered population declines would typically show negative values of Dh, implying net loss of genome-wide
diversity through time; positive DF, indicating an increase on the inbreeding levels in recent generations; positive DL,
suggesting increased genetic load; and positive Dd, because the frequency of deletions is also expected to accumulate
in small populations [63].
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Genetic Load
Loss-of-function (LoF) variants, such as stop-gain, stop-loss, splice site, and frame-shift
mutations, are predicted to disrupt gene function and, hence, are expected to substantially
reduce individual fitness and population viability [8]. Thus, even though unambiguously detect-
ing and correctly classifying these variants can be challenging, because it requires functional
tests that are not always possible in non-model species, quantifying their relative genetic
burden in endangered species is of fundamental conservation interest [60].

The ratio between the number of LoF variants and the number of synonymous variants should
be informative of the genetic load (L) per individual, relative to the amount of variation it has [60].
Thus, comparison of data from pre- and postdecline specimens would provide an estimate of
how the genetic load of a population has changed through time. Note that this estimator would
be positive if there has been a net accumulation of deleterious mutations in the contemporary
population, and negative if purifying selection has reduced the overall genetic load (e.g., [25]).
Therefore, estimating DL can help determine how common purging is in small endangered
populations, which is an important question in conservation biology [61]. In addition, even if
purging is found to have occurred in an endangered species (e.g., [24]), a subset of the
deleterious mutations might nonetheless become fixed as a result of genetic drift. Identifying
such fixed LoF mutations, which could be facilitated by temporal sampling, can be essential for
conservation.

Genomic Deletions
Even though human populations are known to be polymorphic for tens of thousands of
genomic deletions ranging in size from a few hundred base pairs to several megabases
[62], these structural variants have generally been overlooked in conservation genetics. A
recent comparison of two mammoth genomes [37] indicated that the specimen dated close to

Box 2. The Trouble with Ancient DNA

Although the ‘ancient’ part of ancient DNA has been poorly defined since inception of the field during the early 1980s,
our insights into how DNA degrades post mortem have been considerably assisted thanks to the development of high-
throughput sequencing platforms that quantify the characteristics of ancient DNA [86–88]. Data from ancient DNA
studies suggest that genetic material from specimens that were not explicitly stored with DNA extraction in mind will
tend to be degraded in similar ways [89]. Thus, work on DNA from both ‘archival’ collections assembled in museums
and herbaria over the past three centuries, and ‘excavated’ collections from paleontological and archaeological sites,
benefits from the same specialized laboratory methods.

PCR-Sanger sequencing protocols suggested that ancient DNA was rarely longer than 200-or-so base pairs, was
generally co-extracted with compounds that would inhibit downstream enzymatic reactions, and was chemically
modified in a way that could confuse sequence recovery via the hydrolytic decay of cytosine, leading to its replacement
by thymine in the resulting sequence [90,91]. Analysis of ancient DNA using high-throughput protocols provides a more
balanced picture, with mean sequence lengths typically well under 100 base pairs, an exponential distribution of
fragmentation, and low proportions of endogenous DNA relative to bacteria (typically, although not exclusively, a
problem for excavated specimens) [48]. In addition, the small quantities of starting DNA necessitate multiple cycles of
PCR during the library build process, reducing library complexity and, therefore, genome coverage and the ability to
detect heterozygous sites.

Despite these problems, it has been possible to recover genomes and genome-scale datasets from multiple species
using specimens of tens to tens of thousands of years in age [37,92,93]. Chief among these are paleogenomic studies
of humans, where researchers benefit from the availability of multiple, high-quality genomes to map to, and huge
datasets of genomic polymorphisms to compare their ancient data with. However, methodological developments,
frequently driven by work on the Neanderthal genome, have facilitated the analysis of other animal, plant, and even
pathogen species. These ancient DNA-specific methods include the use of skeletal elements with higher endogenous
content, the use of enzymatic pretreatments to reduce the impact of DNA damage, and the development of highly
efficient library-build processes [56,94,95].
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the extinction of the species had an accumulation of homozygous deletions (d), including an
elevated number of deleted exons [63]. This suggests that deletions of functionally important
genetic variation might constitute a previously unknown genetic threat to endangered species.
Thus, examining to what extent deletions, including those that might directly affect genes, have
increased in frequency, or even become fixed as a consequence of recent population declines,
should be of high conservation interest. If functional annotations for the studied species are
available, then it would also be possible to estimate to what extent deletions that affect
functionally important genes, or enriched functional categories [64], have increased in fre-
quency as a consequence of population declines.

However, one important consideration when quantifying changes in the frequency of genomic
deletions by comparing historical predecline and contemporary samples is that the reference
genome to which sequencing reads from all the samples are mapped cannot belong to the
present-day population. This is because such a reference genome would already have the
deletions one is interested in identifying, hence biasing the comparisons. Consequently, unless
a de novo genome assembly can be obtained from a predecline specimen, which, in most
cases, is unlikely given that high-molecular-weight DNA is required, it will be necessary to
instead map the resequencing data from both modern and historical samples to a reference
genome from a closely related species.

Concluding Remarks and Practical Implications for Conservation
We have here discussed the value of incorporating temporal genomic data in conservation.
Levels of genome-wide diversity and deleterious genetic variants identified in present-day
endangered species provide only limited information about their conservation status.
Instead, we argue that delta indices obtained by integrating estimates from both pres-
ent-day samples and samples from museum collections that pre-date recent declines in
population size provide a more accurate quantification of the temporal genomic erosion
that species have been subjected to as they have approached the brink of extinction. This
strategy is already possible, since the cost of generating genomic data has dropped
significantly in recent years [27], to the extent that a high-coverage mammalian genome
can now be sequenced for less than US$1000. We have proposed four indices that can be
used to quantify genomic erosion using historical samples to estimate the baseline levels.
As genomic technologies improve, for example enabling imputation from phased reference
data in non-model organisms, additional indices, such as estimating haplotype diversity by
treating large chromosomal stretches as alleles, could provide more powerful ways to
estimate losses of genetic diversity.

A hard reality faced by conservation practitioners is that there are too many species under
serious threat and, with too few funds available, the resources need to be used wisely [65]. In
this regard, a key contribution is that, by identifying whether modern genomic profiles are
significantly different to that of past populations, one can begin to prioritize species (or
subpopulations) for which intervention might warrant alleviating genetic problems. For example,
regardless of whether the genome of a particular species carries signals classically linked to
poor population health, such as elevated levels of putatively deleterious mutations, if historic
data indicate that this is not a recent phenomenon, then this might imply that these mutations
have no significant conservation relevance. By contrast, should the historic data provide good
evidence for major changes in genetic load over a short timespan, then we can not only use this
to propose testable hypotheses to identify the function of putatively deleterious mutations (e.g.,
[66]), but also use those that likely are deleterious as measurable indicators of individual fitness
as well as species viability. In addition, this information could be used as a monitoring tool with

Outstanding Questions
Which types of historical samples are
best for genomic analysis? That is,
how is DNA degradation in museum
samples affected by different preser-
vation conditions, such as tempera-
ture, humidity, and mode of storage
(e.g., dry, ethanol, or formalin), and
how do these parameters interact with
the types of material typically held in
museum collections (e.g., skin, hair,
bone, feathers, or teeth)?

How should different levels of genome
erosion be translated into specific
IUCN Red List criteria? For example,
at what magnitude of change in Dh or
DL should the Red List status of a
species be changed from Endangered
to Critically Endangered?

To what extent have past extinctions
been associated with losses of genetic
variation, inbreeding, and accumula-
tion of deleterious mutations before
that species disappeared?

How have the microbiomes and epi-
genomes of endangered taxa been
affected by the demographic declines
that have occurred as these species
have approached the brink of
extinction?

How have recent changes in selection
pressure, for example through
increased levels of environmental tox-
ins, overharvesting, climate change, or
habitat modification, affected the
genomic architecture in endangered
species during the past 100–200
years?
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which to measure ongoing changes in threatened species [67,68] and, as such, even be used
to audit the success of ongoing interventions.

There is also a potential role for a more nuanced understanding of exactly which genomic
indicators are relevant for particular species, with regards to guiding the actions of applied
conservation measures (Figure 2). In particular, targeted translocation and breeding efforts can
be approached in a manner that is more subtle than the current strategy of simply maximizing
genetic diversity. For example, if historic evidence is used to identify putative LoF alleles that
have increased in frequency in conjunction with a population collapse, this would provide a
strong indication that these alleles have a negative impact on fitness. Conservation managers
could use such information on specific deleterious alleles to select individuals suitable for
translocation or ex situ management [69]. They could also take steps towards removing these
deleterious alleles from the population (Figure 2), by means of, for example, selective breeding
and translocations [70], or possibly through genome editing [71].

Intraspecific estimates of genomic erosion, such as the delta estimators discussed here, can
provide quantifiable measures of extinction risk that are comparable across taxonomic groups.
As such, these delta estimators would be suitable for integration with other criteria currently
being used to assign threat categories in the IUCN Red List. For instance, genomic data
showing that a species has lost a significant amount of genome-wide diversity and, thus,
adaptive potential, and/or has gained a large number of LoF mutations over the past 100 years
could provide justification for changing its conservation status to a higher threat category
(Figure 2). As such, the ghost of genetic diversity past [72], which is now accessible through
genomic analyses of historical museum specimens, can help prevent future extinctions through
more accurate threat assessments, and could also serve as a benchmark for the restoration of
biodiversity at its most fundamental level.
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Figure 2. Quantifying Temporal Genomic Erosion and Possible Conservation Implications. (A) Schematic view of changes in the census population size (NC)
of an endangered species through time, showing a dramatic decline from NC0 to NC1. In this example, h0 represents the genome-wide heterozygosity of individuals from
museum collections sampled before the population decline, whereas h1 represents heterozygosity in present-day individuals. The ability of delta estimators to capture
the temporal dimension of the change is indicated (see Box 1 in the main text). (B) Overview of possible implications of the proposed temporal approach. Delta
estimators of genomic erosion might be used to assign IUCN Red List threat-level categories in endangered species, and can also be used for monitoring purposes, as
well as to better inform tailored conservation and management measures for species at the brink of extinction.
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