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The current attrition of biodiversity extends beyond loss of species and unique
populations to steady loss of a vast genomic diversity that remains largely undescribed.
Yet the accelerating development of new techniques allows us to survey entire genomes
ever faster and cheaper, to obtain robust samples from a diversity of sources including
degraded DNA and residual DNA in the environment, and to address conservation
efforts in new and innovative ways. Here we review recent studies that highlight the
importance of carefully considering where to prioritize collection of genetic samples (e.g.,
organisms in rapidly changing landscapes or along edges of geographic ranges) and
what samples to collect and archive (e.g., from individuals of little-known subspecies
or populations, even of species not currently considered endangered). Those decisions
will provide the sample infrastructure to detect the disappearance of certain genotypes
or gene complexes, increases in inbreeding levels, and loss of genomic diversity
as environmental conditions change. Obtaining samples from currently endangered,
protected, and rare species can be particularly difficult, thus we also focus on studies
that use new, non-invasive ways of obtaining genomic samples and analyzing them
in these cases where other sampling options are highly constrained. Finally, biological
collections archiving such samples face an inherent contradiction: their main goal is
to preserve biological material in good shape so it can be used for scientific research
for centuries to come, yet the technologies that can make use of such materials are
advancing faster than collections can change their standardized practices. Thus, we
also discuss current and potential new practices in biological collections that might
bolster their usefulness for future biodiversity conservation research.

Keywords: benchmarking biodiversity, biological collections, genetic benchmarks, genomic diversity, geographic
sampling, long-term change

INTRODUCTION

Almost every form of human activity is directly or indirectly connected to the alteration or loss
of natural habitats, leading experts to define this current era as the “Anthropocene” (Lewis and
Maslin, 2015; Waters et al., 2016). Paleontological records show that we are currently undergoing
a higher rate of species extinction than in any previous transition between geological eras
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(Waters et al., 2016). During this time of rapid biological change,
museum specimens collected decades or even centuries ago
can be used as baselines to document more recent, human-
related changes in species numbers and their distributions, in
phenotypes and in genetic variability (Billerman and Walsh,
2019). The utility of the specimens for these purposes is often
dictated by the type of specimens that were collected, particularly
before molecular techniques were developed or when those
techniques were still under development. We now have the
ability to study genetic changes at vast scales, as we can produce
enormous amounts of data across the entire genome for large
numbers of individuals and species.

“Biodiversity” is a blanket concept relevant across different
levels of biological organization. The genetic/genomic level is
increasingly relevant in this time of planetary change, as a healthy
pool of genetic diversity helps populations evolve and adapt
(Templeton, 1994). When current technologies are combined
with comprehensive genetic sampling it is possible not only to
survey genetic information in populations at the entire genome
scale, but also to explore the genetic basis of different adaptive or
non-adaptive phenotypes. Understanding phenotype-genotype
relationships is one of the longest-standing questions in biology
in general (Orgogozo et al., 2015), and is also highly relevant
for conservation efforts (Allendorf, 2017). Our rapidly improving
abilities to search for candidate genes with adaptive value will be
advantageous for the conservation and management of species in
changing environments.

This is therefore a critical time to focus efforts and resources
into creating and maintaining collections that allow us to
benchmark current genetic and genomic diversity using current
and future techniques, i.e., to establish genomic diversity
“baselines.” This will allow us to better understand what
could be lost, and to predict what may be lost if we do not
take conservation actions. Given that sample collection and
preservation are costly, it is prudent to prioritize the collection
and curation of certain samples over others. Here, we offer
ideas that can guide sample archiving for genetic benchmarking
of vertebrates. Any sample collection should, of course, be
well-designed and follow statistical sampling protocols when
relevant (Hayek and Buzas, 2010). Our list is not exhaustive,
because questions of interest evolve over time, just as techniques
do. The development of new techniques opens new frontiers
of interesting questions, which may in turn reveal additional
opportunities to leverage the benefits of genetic benchmarking
(Lawson Handley, 2015; Allendorf, 2017).

Ideally, sample collection can serve dual purposes of
answering questions of current interest while preserving samples
as genetic benchmarks for future research. This duality of
immediate and legacy benefits helps justify the substantial effort
required to collect and curate samples. But many questions of
implementation remain. Where should samples be collected?
What populations or species should be targeted? We address
these core issues in this review, and we suggest that effective
genetic benchmarking could fall into at least eight broad
topics of investigation: rare species; undescribed and/or cryptic
species hotspots; naturally fragmented populations and isolated
populations due to changing landscapes; species with continuous

geographic ranges; habitat specialists vs. generalists, and range-
restricted vs. widespread species; hybrid zones; newly colonizing
and reintroduced populations; and changing landscapes. The
ideal sources of genetic material are samples associated with
vouchered individuals (Rocha et al., 2014). However, lethal
collection can be impractical in certain situations, as is the case
when working with endangered species, or when the research
question requires dense sampling of different individuals from
the same population. Therefore, we also review recent research
using alternative means of obtaining genetic material, such as
historical museum specimens. But since these older specimens
were typically not collected for the purpose of obtaining genetic
material, extracting it in sufficient quantities and qualities can
be challenging (McCormack et al., 2017). We contemplate the
analogous possibility that the samples we are acquiring today
may be suboptimal for technologies that are developed in the
future, such as those focusing on analysis of proteomic data.
We conclude by analyzing steps to maximize the use of samples
collected today by anticipating new techniques that will likely
be broadly deployed in the near future. Given our personal
backgrounds and expertise, we focus on samples from birds and
other vertebrates, yet many of the topics and ideas we discuss are
relevant to other kind of organisms.

UNDERSTANDING THE EXTENT OF
GENETIC AND GENOMIC DIVERSITY
LOSS IN A RAPIDLY CHANGING WORLD

Here we discuss a series of categories and situations where sample
collection should be prioritized, with the intention of providing a
basic overview of possible justifications for purposeful collection
of genetic benchmark samples. These categories are, of course,
incomplete. The details of sampling designs will ultimately
depend on the specific research questions being addressed, the
types of organisms, and the complex considerations of logistics,
permissions, and time and expense tradeoffs that pertain to any
genomic benchmarking situation.

Rare and Declining Species
A fundamental need for effective conservation and management
of rare and declining species is accurate estimates of both census
and effective population sizes, past and present (Frankham
et al., 2014; Waples, 2016). The effective population size has
been defined as the size that an idealized population (i.e., one
in which random mating, equal sex ratio, discrete and non-
overlapping generations, and random variation of reproductive
success all occur) should have to be experiencing the same rate of
genetic change as the natural population of interest (Caballero,
1994). In contrast, census population size is commonly noted
to be the complete count of individuals in a population. The
relationship between census and effective population sizes can
be informative of demographic processes within the population
(Pierson et al., 2018). They can both be genetically estimated
(Luikart et al., 2010), though some caution should be taken,
considering several factors and conditions that may influence
these estimates (see Box 2 in Hoban et al., 2020). Genetically
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derived estimates of census population sizes are increasing
in number, as they are often cheaper and perhaps easier
than traditional field-derived estimates, such as mark-recapture
studies (Sabino-Marques et al., 2018; Bourgeois et al., 2019).
Additionally, they could be perceived as being more ethical if they
do not require direct interaction with individuals of endangered
animals (Solberg et al., 2006; Arandjelovic and Vigilant, 2018).
Estimates derived from hair or fecal samples, for example, may
require 2–3 times more samples than the expected number
of animals in the population to arrive at acceptably precise
estimates; however, the most recent technological developments
may make it possible to even obtain whole-genome level
coverage from these “poor-quality” samples (Taylor et al., 2020).
In addition, the same fecal samples may be analyzed with
metabarcoding methods to discover information about diet and
roles of animals in ecological networks (Barba et al., 2014;
Barnes and Turner, 2016).

Genomic methods can inform us of recent changes in effective
population size (Luikart et al., 2020) and also of historic changes,
offering the potential to provide long-term perspectives on the
effects of anthropogenic change on genomic diversity (Gattepaille
et al., 2016; Oldeschulte et al., 2017; Bi et al., 2019). No vertebrate
long-term monitoring programs date back more than a century,
and most are only a few decades old. Therefore, these studies may
be missing long-term cycles, as the declines of some species they
detect may be occurring after abundances responded positively to
widespread habitat alteration prior to the advent of such surveys
(Hallman et al., 2020). The apparent declines, therefore, may not
directly relate to immediate conservation problems, but fit within
a longer-term pattern of abundance fluctuations. Therefore, there
has been an increase in studies incorporating the perspective on
longer-term changes in population sizes applied to conservation
and management decision-making (Ardren and Kapuscinski,
2003; Brüniche-Olsen et al., 2018; Sato et al., 2020). Genetic
techniques provide opportunities to understand historic context
of temporal changes at much longer time scales. Past population
bottlenecks can be detected as well as precipitous declines
hundreds and thousands of generations ago (Ramakrishan et al.,
2005; Oldeschulte et al., 2017), and currently, assesments of single
nucleotide polymorphisms (SNPs) across the entire genome
allow exploration of these questions even when very few samples
are available (Brüniche-Olsen et al., 2018; Sato et al., 2020). The
gray whale (Eschrichtius robustus), for example, already lost its
Northern Atlantic populations (probably due to environmental
change and/or by commercial whaling), and it is now only found
in the Northern Pacific Ocean (Alter et al., 2015). The western
gray whale population (near the coast of Asia) is estimated
to be less than 200 individuals (Cooke, 2018). Brüniche-Olsen
et al. (2018) used samples from two western and one eastern
gray whales, to obtain whole-genome sequences at very deep
coverages (between 27X and 30X) and were able to infer that these
species show lower autosomal nucleotide diversity than most
other marine mammals, but the decline of effective population
size and the extent of inbreeding, is greater in the Western
Pacific than in the Eastern Pacific populations. Interestingly,
according to niche modeling, the authors also found future
climate change could open new migratory routes that could

allow gene flow and subsequent genetic recovery in the western
population (Brüniche-Olsen et al., 2018).

Preservation of genetic samples for benchmarking purposes
could allow retrospective analyses as techniques improve and
allow more precise estimates of population size and the temporal
scale over which such changes occurred (Bi et al., 2019). In
addition, with rapidly improving techniques and ideas in the
realm of de-extinction options, cryopreservation of gametes and
other reproductive tissues, even for extant yet rare populations,
adds potential insurance against complete population extinction
(Saragusty et al., 2016; Corlett, 2017). Cryopreserved somatic
tissues could serve this purpose as well: the San Diego Zoo
recently announced (September 2020) the birth of a Przewalski’s
horse cloned from the tissue of a male preserved 40 years ago1.

Dry storage may offer an interesting alternative, considering
some of the disadvantages of cryopreservation, such as complex
and expensive logistics, and the need of constant supply of energy
and maintenance by trained personnel (Saragusty and Loi, 2019).
Both gametes and somatic cells can also be preserved through
different drying techniques, and while they may not remain viable
after rehydration, DNA is preserved almost intact (Saragusty and
Loi, 2019). Collection and preservation of genetic samples from
rare species of conservation concern should be a priority.

Hotspots of Undescribed or Cryptic
Species
One of the basic criteria for defining priority geographic areas
for protection is the number of species an area harbors, in
particular the number of endemic species, as these cannot be
found elsewhere if such areas are damaged or lost (Giam et al.,
2012; Ennen et al., 2020). An increasing number of studies
are also starting to move the focus from species richness to
phylogenetic diversity, a proxy that may represent aspects of
biodiversity beyond that captured by species richness (Gumbs
et al., 2020). In either case, the operational units used in these
studies are usually already described species and do not consider
estimates of undiscovered and undescribed species (Vieites et al.,
2009). One of the biggest challenges in this respect is the fact
that there is a large proportion of unknown biodiversity that will
undergo extinction before being scientifically described (“crypto-
extinctions,” Giam et al., 2012). Undescribed species usually have
very restricted ranges and are therefore particularly susceptible to
extinction (Vieites et al., 2009).

Quantitative estimates of undescribed biodiversity are
heterogeneous across taxa and geographic areas. In general,
vertebrate taxonomy is much better known than that of any
invertebrate taxa (Stork, 1993), and within vertebrates the
estimated proportion of undescribed species is significantly
higher for amphibians than for mammals (Giam et al., 2012).
Proper species delimitation requires integrated assessment
of genetics, phenotypic and behavioral data. However, such
assessments at large scales to define priority areas can
be impractical and time-intensive. Both promoting more
geographically comprehensive sampling and the implementation

1https://reviverestore.org/projects/przewalskis-horse/
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of genetic tools to analyze such samples become critical for
estimating the amount of undescribed biodiversity.

The greatest numbers of undescribed species are probably
found in tropical forests of the Neotropical, Afrotropical and
Indomalayan regions (Giam et al., 2012). The Amazonia is the
largest lowland rainforest in the world, probably harboring vast
numbers of undescribed anurans (Fouquet et al., 2007; Funk et al.,
2012; Ferrão et al., 2016). Vacher et al. (2020) used a platform for
high-throughput sequencing for small DNA fragments (Illumina
MiSeq, Quail et al., 2012) to assemble a database of short
mitochondrial sequences from approximately 4,500 samples of
amphibians. They combined these newly generated data with
approximately 6600 accessions from the NCBI online repository
and showed that the number of species could be almost twice the
currently recognized for the area (876 species vs. 440 listed by the
IUCN Red List). While the selection of a species concept could
impact these estimates, a strength of this study is that authors
started working with OTUs (Operational Taxonomic Units, solely
based on genetic clustering), and then proceeded to contrast their
results with recently described, valid species finding high levels
of coincidence, and supporting the idea that their number of
estimated new species was accurate.

This study focused on the Eastern Guiana Shield of Amazonia,
where the authors recovered three bioregions altogether and
determined that up to 82% of the OTUs found in this area
are endemic. Interestingly, the Eastern Guiana Shield has been
considered as a unique bioregion based mostly on avian species
(Naka, 2011). This highlights that, while birds are among the best-
known vertebrate groups in terms of taxonomy and distribution,
they may not be a good proxy for other terrestrial groups given
their much higher mobility.

Knowing the number of species and their abundances is an
essential step in benchmarking our planet’s biodiversity, but we
lack this basic information for many of the most biodiverse areas
of our planet. The study by Vacher et al. (2020) is just one example
of how recently developed genetic and genomic techniques can
help us tackle these problems, by detecting genetic variation
across large spatial scales to reveal cryptic biodiversity.

Fragmented Populations Due to Natural
and Anthropogenic Causes
While the description of new species is key for conservation
efforts, there is general consensus that protecting the genetic
diversity contained within species, in recognized subspecies or
isolated populations, should also be a priority, even in widespread
species still not considered as vulnerable or endangered (Thakur
et al., 2018). New high-throughput sequencing techniques not
only allow production of massive amounts of short DNA
sequences from thousands of individuals, but they also make
it possible to scan entire genomes to study more subtle
patterns of genetic variation, such as those found in some
fragmented populations.

The emperor penguin (Aptenodytes forsteri), for example,
is considered “Near Threatened” by the IUCN because “is
projected to undergo a moderately rapid population decrease
as Antarctic sea ice begins to disappear within the next few

decades owing to the effects of climate change.” (BirdLife
International, 2020). These birds form breeding colonies on sea
ice at the majority of their known colony locations (Fretwell
et al., 2012) and previous studies found conflicting results
in terms of the population structure between the colonies,
ranging from complete demographic isolation of breeding
colonies (Barbraud and Weimerskirch, 2001) to species-wide
panmixia (Cristofari et al., 2016). A better understanding of
the current connectivity between these colonies will inform
risk assessments and management plans, since these colonies
are sensitive to fluctuations in the extent and duration of the
sea ice (Trathan et al., 2011; Fretwell et al., 2014). A more
recent study sampled eight colonies around Antarctica and
used Restriction Site Associated (RAD) sequencing to obtain
almost 4,600 genome-wide SNPs from 110 individuals (Younger
et al., 2017). The colonies sampled were divided into at least
four metapopulations, with the colonies in the Ross Sea being
one of them. The world’s largest breeding colonies of both
emperor (Fretwell et al., 2012) and Adèlie (Lynch and LaRue,
2014) penguins are located in the Ross Sea, which is also the
only region with a predicted stable or increasing population of
emperor penguins (Jenouvrier et al., 2014). Genetic tools revealed
that the assumption of all colonies being demographically
connected was incorrect (Younger et al., 2017). Thus, an
extensive sampling across fragmented populations combined
with genome-wide sequencing techniques can also provide
a benchmark for the degree to which apparently connected
populations may be demographically isolated, influencing long-
term population resilience.

Genetic change may occur especially quickly in landscapes
where composition and configuration are being altered by
humans (Athrey et al., 2012; Aleixo-Pais et al., 2019; Pelletier
et al., 2019), leading to genetic structuration and loss of genetic
diversity across populations (Amos et al., 2014; Schlaepfer et al.,
2018). Therefore, sampling across landscapes that are changing
due to anthropogenic causes should also receive particular
attention in genetic benchmarking efforts. Effects of habitat
isolation vary strongly among species, often most strongly
affecting levels of connectivity and gene flow among spatially
disjunct populations (Allendorf, 2017). The transformation of
large portions of territories into agricultural, urban and industrial
lands (and the development of traffic infrastructure to connect
them), is one of the main causes of habitat loss, fragmentation
and pollution (Gill and Williams, 1996; Rouget et al., 2003;
Gallant et al., 2007; Rompré et al., 2008). Therefore, it is urgent
to understand how they affect the genetic diversity of both
endangered, declining and not yet endangered species (Bani et al.,
2015; Lenhardt et al., 2017).

The pace at which genetic responses to recent anthropogenic
isolation appear has been difficult to measure in the past.
The availability of more sensitive assays being developed by
advancing technology and the possibility of sequencing entire
genomes may improve our abilities to detect small changes,
including evidence of inbreeding, other small-population effects,
and restricted dispersal across different forms of habitat barriers
(Corlett, 2017; Kozakiewicz et al., 2019; Maigret et al., 2020).
For example, based on a dataset of approximately 2000 SNPs
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for the copperhead snake (Agkistrodon contortrix), Maigret et al.
(2020) were able to detect evidence for subtle genetic structuring
closely following the path of a highway that experienced high
traffic volumes between 1920 to 1970 in eastern Kentucky,
United States, but has now lost most traffic to a newly constructed
alternative route. Their results add evidence revealing subtle
impacts of anthropogenic fragmentation of landscapes, but
also highlight the importance of temporal factors in landscape
genetics, showing that temporal lags may impact our ability to
detect the detrimental effects of land use change. The ability
to detect subtle genetic structure across populations can help
implement conservation management plans earlier, and therefore
improve chances of successful protection of genetic diversity
(Ralls et al., 2018).

Our ability to detect effects of land use change on
population connectivity also depends on spatial scale of analysis.
Kozakiewicz et al. (2019) sampled 271 bobcats (Lynx rufus)
obtained from five populations in southern California, between
Los Angeles and San Diego. Based on more than 13,000 SNP loci,
landscape genomic effects were most frequently detected at the
study–wide spatial scale, as predicted. However, negative effects
of urban land cover on connectivity were also revealed when
analyzing each population separately, with these negative effects
being particularly strong in one population where stream habitat
had been lost (Kozakiewicz et al., 2019). This is particularly
interesting because knowing which landscape features can
mitigate reduced connectivity in urban areas, such as riparian
corridors in this case, can make the case for better conservation
planning when continued urbanization is unavoidable.

Transecting Geographic Ranges
An unresolved question regards the patterns of genetic diversity
across species’ geographical ranges, even when distribution is
or seems continuous. The long-standing but still controversial
central-marginal hypothesis (CMH) suggests that genetic
diversity should decline as one moves from the middle of
the range, where species tend to be most common, to along
the periphery, where the species’ distribution becomes more
fragmented, presumably because habitat conditions become less
suitable and population sizes decline (Eckert et al., 2008; Pironon
et al., 2017). Evidence for the hypothesis has been mixed (Sinai
et al., 2019; Ntuli et al., 2020). The definition of “marginal,”
whether it be geographical, ecological or genetic, influences
evaluations (Eckert et al., 2008; Pironon et al., 2017).

From the genetic perspective, the amount of data used may
affect inference about diversity patterns across geographical
space. In a metanalysis of almost 250 studies published between
1968 and 2014, the probability of detecting a center–marginal
pattern was not related to the genetic methods used by the
studies considered (Pironon et al., 2017). However, our abilities
to produce genetic data have increased dramatically since 2014.
The studies discussed in the previous section are only two
of many examples of how larger datasets, both in terms of
sampled individuals and SNPs scanned, can detect previously
shallow but significant genetic differentiation, undetected with
previously available methods (Chattopadhyay et al., 2016;
Aguillon et al., 2018; Clucas et al., 2019; Nascimento et al., 2019).

We anticipate even greater sensitivity to small but important
genetic differences as technology improves, which will certainly
be helpful for understanding the bigger and more challenging
question of which processes led to these observed patterns.

A recent study used approximately 30,000 SNPs to test the
main predictions of the CMH in the ongoing invasion of the
cane toad (Rhinella marina) in Australia (Trumbo et al., 2016).
The authors defined populations in the northern and eastern
Australian coasts as the “core” populations and then collected
samples along 6 continuous transects into interior Australia,
where arid habitats and cold temperatures currently limit their
distributions. Their results were mixed, with only some transects
revealing what was predicted by the CMH, and highlighted the
importance of environmental and climatic factors on shaping
the patterns of variation in genomic diversity within continuous
population ranges (Trumbo et al., 2016). Lower genetic diversity
in edge populations could be one of the reasons such populations
cannot evolve traits that would allow them to expand their ranges.

Most studies have assumed greater population sizes near range
centers and not explicitly linked genetic data with population size
estimates. Indeed, genetic diversity could simply be greater where
abundance is greater (Hague and Routman, 2016; Allendorf,
2017), but alternative hypotheses suggest peripheral populations,
if they are spatially distinct from central populations and
experience limited gene flow, may be more genetically distinct
because selective pressures in marginal environmental conditions
are intense and differ from pressures in the center of the
range. Peripheral populations may possess abilities to respond
to changes and therefore may be key to a species’ abilities to
respond to climate change and other stressors (Lavergne et al.,
2010). An interesting case is that of the redbelly yellowtail fusilier
(Caesio cuning), an Indo-Pacific reef fish with a bipartite life
history, first as pelagic larvae and later settling on coral reefs
as juveniles. Adults depend on reef structure for protection at
night, and do not migrate. Altogether, this suggests that long
distance dispersal in this species requires a strong oceanographic
conduit. Using approximately 2,500 SNPs generated from RAD
sequencing, Ackiss et al. (2018) found evidence of reduced genetic
diversity in the peripheral populations of this species in relation
to the Kuroshio Current, a powerful western-boundary current
in the Pacific Ocean. The authors found that sites closest to
the periphery exhibited increased within-population relatedness
and decreased effective population size, and potential for local
adaptation. Further studies analyzing both genetic variability
and population effective sizes could help us better understand
differences in the genomes of central and peripheral populations.
Therefore, thoughtful selection of species to sample along
transects from the center of current ranges to margins, could
help future scientists to understand what aspects of genomes
have changed through time and to identify which locus or
loci may have been under the strongest selection and favored
success or failure to adapt and persist (Macdonald et al., 2017).
In addition, more complete sampling across carefully chosen
suites of species could better inform current basic questions
about patterns of genetic diversity, such as the central-marginal
hypothesis. We already have extensive evidence of shifts in
geographic ranges associated with climate change for many
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species (Shoo et al., 2006; Chen et al., 2011; Pecl et al., 2017)
and also forecasting models that have generated predictions of
how geographic ranges are expected to change (Lawler et al.,
2009; Guisan et al., 2013). Such models could form the basis
for selection of taxa for further genetic study, which in turn
can better inform future models, as some inconsistencies arise
between predictions and observations (Walsh E.S. et al., 2019).
One possible cause of such inconsistencies is that traditional
modeling does not account for the ability of some species to adapt
to change, which recent models are trying to incorporate and
improve predictive accuracy (Nadeau and Urban, 2019; Peterson
et al., 2019).

Habitat Specialists Versus Generalists
Comparatively little is known about relationships between
genetic diversity, niche breadth and adaptability of vertebrate
populations to environmental change. Most studies to date have
focused on plants (Sexton et al., 2017), though some studies
in animals show similar trends: specialist species tend to have
deeper and finer-scale phylogeographic structure and stronger
demographic fluctuations when compared to closely related
generalist species (Silva et al., 2017; Engelbrecht et al., 2019).

Extreme specialists offer interesting models to study the
genetic basis of certain phenotypes, and to better understand
how changing conditions can affect different species and
their interactions. The saltmarsh (Ammospiza caudacutus) and
Nelson’s (A. nelsoni) sparrows are two recently diverged
species (∼600,000 years; Rising and Avise, 1993) commonly
considered marsh endemics. However, the saltmarsh sparrow
is a narrow niche specialist, while the Nelson’s sparrow can
be found in a broader range of habitats (see Walsh J.
et al., 2019 and references therein). Lower nesting success in
tidal marshes have been reported for the Nelson’s sparrow,
suggesting adaptive differences between these species (Maxwell,
2018). Walsh J. et al. (2019) analyzed genome-wide divergence
between these species and found several candidate genes to be
linked to adaptation to tidal marsh environments, including
genes linked to osmotic regulation, circadian rhythm, and
plumage melanism.

We generally assume that habitat generalists should have
advantages in dynamic environments, but what is the underlying
genetic basis for niche breadth variation and ability to adapt to
changing conditions? Genetic benchmarks establishing current
levels of diversity, along with measurements of niche breadth
generated from field observations and habitat analysis, would
improve our understanding of the temporal plasticity in
niche characteristics and how that plasticity associates with
dynamics of the genome.

Range-Restricted Versus Widespread
Species
The relationship between extent of geographic range and niche
breadth is generally positive (Slatyer et al., 2013), resulting
in some species having expansive geographic ranges, whereas
others are restricted to small areas of geographical space.
Given this relationship, one might predict greater resilience to

environmental change in widespread species and higher levels of
genetic diversity; while those restricted to disappearing habitats
and already in low abundance require immediate attention.

Identification and analysis of relevant functional loci
and how those vary across time and space could facilitate
accurate assignment of populations to conservation-relevant
risk categories. The willow flycatcher (Empidonax trailli) is an
interesting case, because the entire species is widespread across
North America, but one of its four subspecies, the southwestern
willow flycatcher (E. t. extimus), is native to the Desert Southwest
of the United States, and restricted to riparian woodlands
along waterways (Sedgwick, 2020). These habitats probably
provide a refuge against the extreme temperatures of these
region (Chen et al., 1999); and with the loss of these habitats
this subspecies has been undergoing a steady decline, with an
estimate of no more than 500 breeding pairs in an assessment
from 20 years ago (Sogge et al., 1997). Temperature increases
due to climate change is expected to worsen the situation, which
motivated Ruegg et al. (2018) to use genomic techniques to
study local adaptation in the southwestern willow flycatcher
to extreme temperatures and asses its vulnerability to future
climate change. The authors assembled a reference genome for
the species and then analyzed more than 100,000 SNPs from
more than 150 individuals across 22 localities (Ruegg et al.,
2018). By incorporating a series of climate variables to their
analyses, they were able to identify a set of genes of potential
importance for thermal regulation, and to assess the “genomic
vulnerability” to predicted climate change of the different
lineages within the willow flycatcher. As expected, the already
endangered southwestern willow flycatcher will be the most
vulnerable lineage to the anticipated increases in heat waves
(Ruegg et al., 2018).

How dynamic are these relationships across time and
across spatially variable environmental conditions? Are
there underlying genomic differences across lineages that
might reveal mechanisms allowing greater tolerance to
environmental variability? Again, comprehensive sampling
may be required to answer these questions, keeping in mind
that current representation of organisms in museum and
biological collections may be biased toward species with broader
distributional ranges (Boakes et al., 2010; Vale and Jenkins, 2012).

Hybrid Zones
Hybrid zones, where the ranges of two lineages exchanging genes
meet, inform us of the pace, pattern and process of speciation
(Hewitt, 2001; Gompert et al., 2017). They may be relatively
stable in location or displace (Buggs, 2007). The genomic
dynamics of hybrid zones vary across lineages and certainly
through time and space. Monitoring these movements generally
requires genetic data, as phenotypes will rarely reflect many
of the genomic dynamics very readily. What is more, certain
areas of the genomes can be more resistant to gene flow than
others (Wolf and Ellegren, 2017). Although current locations of
many vertebrate hybrid zones are well-known, many are sparsely
sampled, particularly where phenotypic signals are cryptic among
poorly known taxa (Allendorf et al., 2001). Geographically
structured samples collected to provide benchmark genetic data
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can help us quantify the temporal and spatial patterns of gene
flow, introgression, and inference as to the ancestral origins
of genotypes by establishing additional historical bases for
comparisons (Carling et al., 2011). Methods for investigating
hybrid zones and current research directions have been recently
summarized (Gompert et al., 2017). In addition, as landscape
characteristics change along hybrid zones, patterns of gene
exchange may also change.

Temperature shifts, for example, can have significant effects
on species distributions and the dynamics of hybrid zones
(Taylor et al., 2014; Ryan et al., 2018). Particularly susceptible
to temperature changes are ectotherms, such as North American
box turtles (Terrapene sp.). Martin et al. (2020) assembled
a dataset of samples from more than 350 individuals across
two well-studied zones of hybridization within this genus:
one in South Eastern United States, between the woodland
(T. carolina carolina), Gulf coast (T. c. major), three-toed
(T. carolina triunguis) and Florida (T. bauri) box turtles,
and the other one in Midwestern United States, between one
subspecies of the ornate box turtle, T. ornata ornata, and
T. c. carolina (see Martin et al., 2020 and references therein).
Based on these replicated instances of contact at the intra and
interspecific levels, the authors were also able to study the
contrasting effects of selection and migration on hybridization.
Analyzing more than 10,000 unlinked reference-mapped loci,
they found that while in the midwestern contact area hybrids
are present in low numbers and restricted to F1 generations
only, the southeastern contact area included many backcrosses
and F2 individuals, providing evidence of higher levels of
introgression between the taxa. Interestingly, they found a
set of specific loci with steep genomic clines between taxa,
strongly correlated with temperature variables, but not with
any precipitation or wind-related variables (Martin et al., 2020).
The authors interpreted this as evidence of thermal gradients
having a strong effect on introgression patterns and predicted
that future changes in temperature could significantly affect
the integrity of species boundaries within this genus of turtles
(Martin et al., 2020).

A modern offshoot of natural hybrid zones involves the
potential intermixing of genes from wild versus captively raised
and released animals (Kitada, 2018). This is particularly true
for economically important fish species such as salmon (Einum
and Fleming, 1997; Clifford et al., 1998; Glover et al., 2017).
Genetic benchmark samples of less economically important
populations may provide similar opportunities to understand
potential introgression and gene flow between native and
released populations, especially given the extensive movement of
organisms out of their native range by humans (Vitousek et al.,
1997; Costello and Solow, 2003).

Newly Colonizing Populations and
Reintroductions
Changes in allelic diversity that allow some populations of
vertebrates to survive and thrive in new environments can
be explored if samples are collected relatively soon after
colonization is detected. Most colonizations and reintroductions

fail, whether they are natural or anthropogenic in origin
(Blackburn and Duncan, 2001). Reasons are many, but data
on the specific roles that functional locus or loci may
play in enhancing probability of success are sparse. Genetic
benchmarks of newly arriving populations may reveal drivers
of success or failure, and help identify situations where
recolonization of eradicated invasive species is less likely
(Purcell and Stockwell, 2015).

Describing the genetic characteristics of organisms utilized in
translocation or reintroduction programs, and then resampling
the population several generations later could help identify
important information about who established successfully and
who failed. Such information could improve efficiency in
choice of individuals for future conservation translocation
projects (Barba et al., 2010). The alpine ibex (Capra ibex)
is a species of European wild goat that recovered from less
than 100 individuals to approximately 50,000 in a century
(Grossen et al., 2018). After genotyping more than 100,000
SNPs from 170 individuals, Grossen et al. (2018) could
detect the footprints of their reintroduction strategy. Despite
this encouraging recovery in numbers of individuals, the
authors found that all reintroduced populations had lower
levels of genetic diversity than the source population, both
individually and combined. This could be related to the
reintroduction plan used with this species, which consisted
of initial reintroductions from captive breeding followed by
secondary reintroductions from established populations. This
is a nice example of how genetic benchmark samples can
serve an immediate purpose of ensuring a sufficiently diverse
sample of individuals is being introduced, perhaps reducing
chances of inbreeding issues developing, and can also inform
us of patterns of success when comparing the initial benchmark
samples with future samples.

Genetic assessment of individuals prior to their use in
reintroduction programs is also necessary to avoid including
those that show signs of hybridization with other species.
A particular problem arises when domesticated species are not
reproductively isolated from their wild relatives, as is the case of
several ungulate species in Europe (Iacolina et al., 2019). Genetic
benchmarks could help avoid introgression of artificially selected
variants into wild populations. The European mouflon (Ovis
aries musimon), the wild relative of the domestic sheep, became
extinct from mainland Europe by the Neolithic, but remnants
from the first wave of sheep domestication that brought them to
the Mediterranean isles of Corsica and Sardinia established feral
populations (Chessa et al., 2009). Now considered “historically
autochthonous,” the species is protected by regional laws after
almost becoming extinct due to intense hunting and erosion of
its habitat (Somenzi et al., 2020). There has also been evidence
of extensive hybridization with domestic sheep since Roman
times, with confirmed adaptive introgression of loci related to
immunity mechanisms from mouflon to sheep, but not the
other way round (Barbato et al., 2017). Yet, as individuals are
being relocated within the islands and to mainland Europe,
it would be important for future management to know the
ancestry of individuals. Somenzi et al. (2020) used a machine
learning procedure to screen more than 50,000 SNPs from
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non-admixed mouflons and sheep form Sardinia, and from
confirmed admixed individuals, generating panels of reduced
numbers of SNPs which could be used as Ancestry Informative
Markers (AIMs). These AIMs represented fast, low-cost tools to
identify the ancestry of a given individual, therefore the study
provided both a tool to contribute to the conservation of this
species, and also a new methodology that can be applied to
the conservation of other wildlife in risk of hybridization with
domestic species.

Species Benefiting From Anthropogenic
Novelty
All habitats created by humans are novel on evolutionary time
scales. Our agricultural habitats may mimic some natural habitats
in structure, but plant species composition is shifted dramatically.
This undoubtedly changes food resource availability as well as
distribution and abundance of reproductive niches. Furthermore,
novel chemicals are encountered as they are applied to control
pests. Likewise, urban and suburban habitats in the modern
era are home to sets of species that probably rarely co-existed
in the past, including pathogens that may challenge immune
function in novel ways.

While many organisms experience population fragmentation
and loss of genetic diversity due to urbanization (see before),
others actually may benefit from “urban facilitation” depending
on their life history strategy. Many invasive species become
dependent on resources provided by humans and therefore
thrive in cities (Hulme-Beaman et al., 2016; Johnson and
Munshi-South, 2017). Urbanization thus may facilitate
dispersion and expansion of invasive species, which in
turn may aggravate the threats against native biodiversity.
Such is the case of feral pigeons (Columba livia) in eastern
United States, which showed higher-than-expected gene
flow under an isolation by distance model within large
cities (Boston, Providence, New York City, Philadelphia,
Baltimore, and Washington, DC; Carlen and Munshi-
South, 2021). This means that the development of large
human settlements and their increasing connectivity are
facilitating the expansion of an invasive species, and the
same is probably true for many other “human commensals”
(Johnson and Munshi-South, 2017).

Samples collected to establish genetic benchmarks in time
provide opportunities to understand the evolution of plasticity
in response to human modification of habitats. What genetic
mechanisms allow some species to be “winners,” adjusting to and
even thriving in human-altered landscapes, while other species
decline and disappear?

We have proposed several broad subjects of study to
be considered as priorities for future collection of genetic
benchmark samples. We also recognize the importance and
encourage the publication of Data Papers with appropriate
and extensive metadata to alert future researchers to the
existence of vertebrate genetic samples and facilitate their
appropriate future use (Deck et al., 2017). Such tools and papers
will be helpful for development of formal prioritization and
assessment processes, similar to efforts to identify collection

priorities aimed at preserving wild crop plant genetic diversity
(Castañeda-Álvarez et al., 2016).

SURVEYING PAST AND CURRENT
GENOMIC DIVERSITY FROM
NON-INVASIVE AND HISTORICAL
SAMPLES

Collection of samples with an associated voucher is scientifically
the best the option by far because it maximizes the potential
information obtainable from each specimen (Rocha et al.,
2014; Webster, 2018). However, some species in urgent need
of genetic analyses are already endangered and the only
available sources of genetic material are non-invasive samples.
The possibility to transition from “conservation genetics” to
“conservation genomics” raised a potential issue, as some of
the technologies collectively referred to as “next-generation
sequencing” techniques required higher concentrations of DNA
than are usually possible to obtain from non-invasive samples
(Allendorf et al., 2010). But as technologies progressed and
costs decreased, attempts to reduce sample size requirements
have improved. For example, Russello et al. (2015) used
non-invasive snares to collect hair samples from American
pika Ochotona princeps; after extracting DNA they followed a
nextRAD genotyping-by-sequencing method that allowed them
to identify and genotype 3,803 high-confidence SNPs from 67
out of the 96 hair samples. The American pika is a small
lagomorph with a discontinuous distribution along mountainous
areas throughout western North America. Still considered of
“least concern” by the IUCN Red List (Smith and Beever,
2016), it has become a focal species for studies of population
dynamics and extinction risk due to climate change (Peacock and
Smith, 1997; Stewart et al., 2015). Contrary to previous results
across elevationally distributed sites in British Columbia, Canada
(Henry et al., 2012), Russello et al. (2015) found that sites at the
lower fringe of American pika distribution in North Cascades
National Park exhibited significantly lower levels of gene diversity
and heterozygote deficit likely due to inbreeding.

In many other cases, minimally invasive but non-lethal
sampling is a possibility. As indicated earlier, collection of
samples with an associated voucher is widely considered to
be best practice, but we emphasize that not being able to
associate a voucher with a genetic sample should not necessarily
discourage collection of material for DNA extraction. Blood
extraction from birds, for example, followed by release of the
individual is a good option when it is impractical to euthanize
individuals (Figures 1A,B). This is particularly the case for
vertebrates other than mammals, whose red blood cells do
possess a nucleus and are therefore a good DNA source. In
such cases lacking traditional voucher specimens, the production
of some type of “e-voucher” (i.e., electronical voucher, such
as a photograph, Astrin et al., 2013) becomes a priority.
Electronic vouchers such as photographs are often obtained
in non-controlled environments where it may not be possible
to follow the steps of high-quality protocols, such as using
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FIGURE 1 | Collection of samples ranges from harvesting eDNA freely available in the environment to euthanizing animals. Here we show scientists obtaining some
of the different types of samples from birds that can be used for genetic benchmarking. (A) Left, Pablo Lavinia taking a blood sample from a Hudson’s black-tyrant
(Knipolegus hudsonii, full body shot of the bird to the right). (B) Gustavo S. Cabanne banding a straight-billed reedhaunter (Limnoctites rectirostris) after taking a
blood sample. (C) Gemma Clucas taking a tissue sample from a chinstrap penguin (Pygoscelis antarcticus) found dead on the South Sandwich Islands. (D) Dario
Lijtmaer taking a toe-pad sample from a specimen of glaucous macaw (Anodorhynchus glaucus), a probably extinct species from South America, at the Museo
Argentino de Ciencias Naturales. Photos by Ana Barreira [(A), left], Pablo Lavinia [(A), righ], Jazmín Safarin (B), Jim Wilson (C) and Pablo Tubaro (D).

standard lighting. However, including low-cost size and color
references is a simple way of increasing the scientific value of
the e-voucher. Also, depending on the taxa, more than one
photograph may be required, providing details of different parts
of the body containing diagnostic characters. Therefore, members
of collecting expeditions should familiarize themselves with such
requirements to produce proper e-vouchers, following published
protocols or designing and archiving their own.

Biological collections often welcome salvaged specimens (i.e.,
those found dead, Figure 1C) as they can produce viable
samples for DNA extraction, and often some type of voucher
can be associated to them. Salvaged specimens can be found
by scientists during collection expeditions, but many are found
by citizens or recovered by authorities from illegal hunting, pet
trade, etc. Barone et al. (2020) assessed the relevance of avian
tissues obtained from donated and confiscated materials for the
National Ultrafrozen Tissue Collection of the Museo Argentino
de Ciencias Naturales “Bernardino Rivadavia.” They found that,
out of a total of almost 10,300 avian tissues deposited at the
collection, over one third come from donations and confiscated
specimens, i.e., specimens found and donated by citizens or
other institutions or confiscated by authorities from illegal trade.
Interestingly, 18% of the species in the tissue collection are
represented only by samples that come from donations and
confiscated material (Barone et al., 2020).

Another alternative for assessment of genetic benchmarks
when collection of new samples is limited are existing specimens

in biological collections (Figure 1D). Museums have been
accumulating biological collections for over two centuries, but for
the largest proportion of that time there were no means and no
intention to preserve tissue for genetic analysis (as the majority of
the specimens in the world’s biological collections were obtained
before the discovery of the role of DNA). Yet these collections
represent the only resources to study the genomic diversity of
extinct species, or of species that can no longer be collected for
other reasons. Methods to extract DNA from museum specimens
have been under development for decades, with the challenge
that historical DNA is degraded by fragmentation. The previously
available techniques were designed to target specific regions of the
genome to accurately copy long (typically 300–1,500 bp) stretches
of DNA and require steps of DNA amplification which are very
susceptible to contamination (Hykin et al., 2015; McCormack
et al., 2017). The development of high-throughput sequencing
brought new hope, as these typically produce sequences of as
few as 50–150 nucleotides per read, making it easier to recover
genetic data from old specimens, especially those preserved as dry
preparations (Yeates et al., 2016; McCormack et al., 2017; Ruane
and Austin, 2017; Pierson et al., 2020).

Historical specimens can complement fresh tissues to
assemble geographically comprehensive datasets, which
are critical to detect genetic structure within a clade and
inform conservation plans. The red-tailed black-cockatoo
Calyptorhynchus banksii, is an Australian species with five
currently recognized subspecies based on body and bill size and
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plumage color patterning (Ford, 1980). Despite being common
in many locations, the rarity of some of its populations and
subspecies combined with its wide geographic range makes the
assemblage of a species-wide set of samples challenging. Ewart
et al. (2019) used a restriction site-associated DNA marker
approach (DArTseqTM, Diversity Arrays Technology, Australia)
to obtain thousands of SNPs from 113 fresh tissue samples and
29 (out of 47 included) toepads, with a mean age of 44 years,
ranging from 5 to 123 years. Using two different pipelines to
process and filter the data, the proprietary DArTsoft14 and
STACKS (Catchen et al., 2011), the authors obtained 6,389 SNPs
(with 4.19% missing data and 2,745 SNPs with 11.6% missing
data), respectively. Interestingly, the authors also combined fresh
and historical samples in different datasets to evaluate how the
inclusion or not of the old samples affected their results. They
found that, while most data sets showed the same patterns of
differentiation among the five populations based on Fst values,
both the bioinformatic pipeline and the samples included in SNP
calling had a large effect on Fst values obtained, which lead to
considerable variation in estimates of the scale of population
differentiation (see Table 3 and Supplementary Tables 3, 4 in
Ewart et al., 2019).

Historical DNA can also be extremely useful to evaluate
changes in genetic diversity over time in highly endangered taxa.
van der Valk et al. (2019) were able to infer genomic changes
in the last century in the two subspecies of eastern gorillas,
Grauer’s (Gorilla beringei graueri) and mountain gorillas (G. b.
beringei). The authors first performed a low-depth sequencing
with historical DNA extracted from teeth and dried soft-
tissue samples of 59 gorilla specimens and followed a series of
steps that ended in seven Grauer’s and four mountain gorilla
samples collected between 1910 and 1962 with adequate coverage
(3.1–10.8 X) to assess genomic changes. The Grauer’s gorilla has
a historically higher genetic diversity than that of the mountain
gorillas, which the authors attribute to a period of population
growth and expansion between 5000 and 10000 years ago.
However, in the short time period spanned by this study (about
100 years, corresponding to 4–5 gorilla generations), the Grauer’s
gorillas showed evidence of a significant reduction of genetic
diversity as well as an increase in inbreeding and genetic load
(van der Valk et al., 2019). Those results may be related to
reduction of 80% of its population size down to less than 4,000
individuals in the last 20 years. The much smaller population
of mountain gorillas, in contrast, has experienced little genomic
change in the studied period. While they have also experienced
demographic changes, their population size has remained small
and more stable, decreasing from less than 1,000 individuals
to approximately 250 between the 1950s and the 1980s, and
then recovering to ∼450 in 2013. On the one hand, this study
demonstrates the negative genomic consequences that severe
population declines during the last century can have, even in
a species with long generation times. On the other, it suggests
that conservation efforts unable to prevent population declines
but slow them instead can still be useful to alleviate the negative
genomic impacts of population declines.

Recovering genetic data from old specimens preserved as dry
preparations has become routine (Payne and Sorenson, 2010;

Lim and Braun, 2016; McCormack et al., 2016; Tsai et al., 2020).
But many extinct, endangered and secretive amphibians and
non-avian reptiles have been preserved mostly as formalin-fixed
and fluid-stored specimens, from which obtaining genetic data
remains challenging or impossible (Simmons, 2014; Hykin et al.,
2015; Pierson et al., 2020). The DNA contained in formalin-
fixed specimens is highly degraded by fragmentation, base
modification and cross-linkage within the DNA or between DNA
and proteins. High-throughput sequencing technologies that
required short DNA fragments, combined with bioinformatic
tools that allow detection and filtering of low-quality sequences,
may provide the opportunity to obtain genomic information
from fluid-preserved specimens. Snakes are among the poorest
studied clades within vertebrates for reasons inherent to their
biology (their habits make them difficult to find and collect)
and also related to their threatened status that limits collecting
opportunities (Ruane and Austin, 2017). For many species the
only potential source of genetic material are old specimens that
were formalin fixed immediately after collection. Recently, Ruane
and Austin (2017) presented a modified DNA extraction protocol
which, combined with high-throughput sequencing, allowed
them to recover DNA from 10 formalin-fixed and fluid preserved
snakes for which there are little or no modern genetic materials
available in public collections. Including specimens collected
more than 100 years ago, the authors were able to sequence
ultraconserved elements (2318 loci), which they combined with
data from modern samples to build a phylogeny that included
some enigmatic and poorly known species for the first time,
such as the Günther’s Mountain snake Xylophis stenorhynchus
(endemic to the Western Ghats, India) and the Bougainville
coral snake Parapistocalamus hedigeri (restricted to Bougainville
Island in the North Solomon Islands group, Papua New Guinea).
Both species have very restricted ranges and are categorized as
“Deficient Data” by the IUCN Red List (Hamilton et al., 2013;
Srinivasulu et al., 2013).

MOVING FORWARD: COLLECTING AND
PRESERVING SAMPLES TODAY
PLANNING FOR THE FUTURE

Most protocols for collecting and preserving samples are
developed and adapted according to the needs of the technologies
available at the moment of collection, yet their objective is to
make the material useful to the generations to come. As we see
scientists working hard to develop new tools and protocols to
obtain DNA from material that was collected even before the
DNA molecule was described, an important question arises: is
there a way to reverse the story and collect and preserve biological
material in a way that anticipates the technologies or applications
of the future?

Documenting genetic diversity does not stop at finding variant
sites in the genome, as that is only one of the dimensions
of variation at the molecular level. In an interesting essay
about the role of museums in the Anthropocene, Campagna
and Campagna (2012) reflect that museums can only preserve
“anatomical” structures and not “functions”: the plant can be
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preserved, but not its photosynthetic process. While strictly this
is still true, we are already preserving the RNA (transcriptome)
and proteins (proteome) which are results of the expression
of the coding parts of the genome. We can get closer to
preserving biological functions by establishing and preserving
cell cultures (Wong et al., 2012; Yohe et al., 2019). Yet
tissue collection nowadays is not routinely done in a way
compatible with RNA and protein sequencing and analysis,
mostly due to methodological difficulties and increased costs of
preserving tissues in such manner (Supplementary Material).
Corlett (2017) provides a comprehensive list of conservation
problems with current or potential genomic solutions, and
some of the most interesting ones include sequencing RNA
to make better informed decisions when selecting populations
for reintroduction, optimizing ex situ conservation efforts and
assessing acclimation potential (see Table 1 in Corlett, 2017).

The Bat1K consortium is a pioneer in this respect, with
the recent publication of a detailed methodological paper
describing recommended best practices to collect tissues in
manners compatible with all three “-omics” analyses (genomics,
transcriptomic and proteomic) and even cell culture (Yohe
et al., 2019). As the authors stated, the main motivation to
develop this detailed protocol was “to maximize the amount
of potential molecular and morphological data for each bat and
suggest optimal ways to preserve tissues so they retain their value
as new methods develop in the future.” Many bat species are
endangered, and bats live longer and produce offspring at much
lower rates than other similar-sized mammals such as rodents
or shrews. This makes bat populations slow to recover and
particularly susceptible to specimen collection. The specimens
and tissues that can be obtained nowadays are limited and for
some species may be last to ever be collected. Ensuring we
maximize information from each specimen should be a priority.

CONCLUSION/FINAL REMARKS

Genetic or genomic samples can be used to establish benchmarks
in time of organismal, evolutionary, and even population
processes that may augment and surpass the value of “traditional”
museum specimens. While biological collections have been
sampling tissues for genetic analyses for decades, we consider it
a priority that future collecting expeditions incorporate as one
important objective the acquisition of samples that contribute
to create these “baselines” of genomic diversity. Though not
exhaustive, the series of criteria that we proposed here can
help defining sampling priorities from now onward. Thoughtful
collection of samples with respect to collection locations and
populations of particular biological interest will not only serve
this purpose but will certainly enhance the value of these
samples over time.

We recommend future collecting efforts consider not only the
criteria we discussed here in relation to what and where to collect
but also how. Careful planning of which tissues will be extracted
and how they will be preserved (immediately and long term) can
help anticipating the inevitable improvement in biotechnology
and analytical techniques and minimize the types of analyses
for which samples will become “obsolete.” In addition to the
technical aspects of collecting and preserving a sample, its value is
strongly attached to the information surrounding its acquisition.
Therefore, collection and curation should adhere to best practices
for linking samples with detailed metadata (Eymann et al.,
2016). Lastly, while the original samples are irreplaceable and
therefore worth effort and resources to be properly preserved,
we also consider of great importance the long-term preservation
and sharing of the knowledge derived from such samples (for
example, by depositing sequences obtained in repositories such as
GenBank) to develop complete and comprehensive benchmarks
of the world’s genetic and genomic diversity.

ETHICS STATEMENT

Written informed consent was obtained from the individuals
appearing in Figure 1 for the publication of any potentially
identifiable images included in this article.

AUTHOR CONTRIBUTIONS

NG and WR conceived the idea, wrote the manuscript, and
approved it for publication. Both authors contributed to the
article and approved the submitted version.

ACKNOWLEDGMENTS

We would like to thank Irby Lovette and the Lovette Lab
members for their useful comments and suggestions during the
preparation of this manuscript. We would also like to thank
two reviewers for their valuable comments and suggestions that
significantly improved this manuscript. NG was supported by
the Imogene Postdoctoral Teaching Fellowship, Cornell Lab of
Ornithology. WR was supported by the College of Agricultural
Sciences and the Bob and Phyllis Mace Professorship.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fevo.2021.
622603/full#supplementary-material

REFERENCES
Ackiss, A. S., Bird, C. E., Akita, Y., Santos, M. D., Tachihara, K., and Carpenter,

K. E. (2018). Genetic patterns in peripheral marine populations of the fusilier
fish Caesio cuning within the kuroshio current. Ecol. Evol. 8, 11875–11886.
doi: 10.1002/ece3.4644

Aguillon, S. M., Campagna, L., Harrison, R. G., and Lovette, I. J. (2018).
A flicker of hope: genomic data distinguish Northern Flicker taxa
despite low levels of divergence. Auk 135, 748–766. doi: 10.1642/
AUK-18-7.1

Aleixo-Pais, I., Salmona, J., Sgarlata, G. M., Rakotonanahary, A., Sousa, A. P.,
Parreira, B., et al. (2019). The genetic structure of a mouse lemur living in

Frontiers in Ecology and Evolution | www.frontiersin.org 11 April 2021 | Volume 9 | Article 622603

https://www.frontiersin.org/articles/10.3389/fevo.2021.622603/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2021.622603/full#supplementary-material
https://doi.org/10.1002/ece3.4644
https://doi.org/10.1642/AUK-18-7.1
https://doi.org/10.1642/AUK-18-7.1
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-622603 March 31, 2021 Time: 13:51 # 12

García and Robinson Benchmarking Genetic and Genomic Diversity

a fragmented habitat in Northern Madagascar. Conserv. Genet. 20, 229–243.
doi: 10.1007/s10592-018-1126-z

Allendorf, F. W. (2017). Genetics and the conservation of natural populations:
allozymes to genomes. Mol. Ecol. 26, 420–430. doi: 10.1111/mec.13948

Allendorf, F. W., Hohenlohe, P. A., and Luikart, G. (2010). Genomics and the
future of conservation genetics. Nat. Rev. Genet. 11, 697–709.

Allendorf, F. W., Leary, R. F., Spruell, P., and Wenburg, J. K. (2001). The problems
with hybrids: setting conservation guidelines. Trends Ecol. Evol. 16, 613–622.
doi: 10.1016/S0169-5347(01)02290-X

Alter, S. E., Meyer, M., Post, K., Czechowski, P., Gravlund, P., Gaines, C., et al.
(2015). Climate impacts on transocean dispersal and habitat in gray whales from
the Pleistocene to 2100. Mol. Ecol. 24, 1510–1522. doi: 10.1111/mec.13121

Amos, J. N., Harrisson, K. A., Radford, J. Q., White, M., Newell, G., Mac
Nally, R., et al. (2014). Species- and sex-specific connectivity effects of habitat
fragmentation in a suite of woodland birds. Ecology 95, 1556–1568. doi: 10.
1890/13-1328.1

Arandjelovic, M., and Vigilant, L. (2018). Non-invasive genetic censusing and
monitoring of primate populations. Am. J. Primatol. 80:e22743. doi: 10.1002/
ajp.22743

Ardren, W. R., and Kapuscinski, A. R. (2003). Demographic and genetic estimates
of effective population size (Ne) reveals genetic compensation in steelhead
trout. Mol. Ecol. 12, 35–49. doi: 10.1046/j.1365-294X.2003.01705.x

Astrin, J., Zhou, X., and Misof, B. (2013). The importance of biobanking in
molecular taxonomy, with proposed definitions for vouchers in a molecular
context. Zookeys 365, 67–70. doi: 10.3897/zookeys.365.5875

Athrey, G., Barr, K. R., Lance, R. F., and Leberg, P. L. (2012). Birds in space and
time: genetic changes accompanying anthropogenic habitat fragmentation in
the endangered black-capped vireo (Vireo atricapilla). Evol. Appl. 5, 540–552.
doi: 10.1111/j.1752-4571.2011.00233.x

Bani, L., Pisa, G., Luppi, M., Spilotros, G., Fabbri, E., Randi, E., et al. (2015).
Ecological connectivity assessment in a strongly structured fire salamander
(Salamandra salamandra) population. Ecol. Evol. 5, 3472–3485. doi: 10.1002/
ece3.1617

Barba, M. D., Miquel, C., Boyer, F., Mercier, C., Rioux, D., Coissac, E., et al.
(2014). DNA metabarcoding multiplexing and validation of data accuracy for
diet assessment: application to omnivorous diet. Mol. Ecol. Resour. 14, 306–323.
doi: 10.1111/1755-0998.12188

Barba, M. D., Waits, L. P., Garton, E. O., Genovesi, P., Randi, E., Mustoni, A., et al.
(2010). The power of genetic monitoring for studying demography, ecology and
genetics of a reintroduced brown bear population. Mol. Ecol. 19, 3938–3951.
doi: 10.1111/j.1365-294X.2010.04791.x

Barbato, M., Hailer, F., Orozco-terWengel, P., Kijas, J., Mereu, P., Cabras, P., et al.
(2017). Genomic signatures of adaptive introgression from European mouflon
into domestic sheep. Sci. Rep. 71:7623. doi: 10.1038/s41598-017-07382-7387

Barbraud, C., and Weimerskirch, H. (2001). Emperor penguins and climate change.
Nature 411, 183–186. doi: 10.1038/35075554

Barnes, M. A., and Turner, C. R. (2016). The ecology of environmental DNA and
implications for conservation genetics. Conserv. Genet. 17, 1–17. doi: 10.1007/
s10592-015-0775-774

Barone, L., Vilacoba, E., Davies, Y. E., Attiná, N., Estalles, C., Tubaro, P. L.,
et al. (2020). Relevancia de las donaciones y los decomisos para las colecciones
biológicas: los tejidos de aves como caso de estudio. El Hornero 35, 6–19.

Bi, K., Linderoth, T., Singhal, S., Vanderpool, D., Patton, J. L., Nielsen, R., et al.
(2019). Temporal genomic contrasts reveal rapid evolutionary responses in
an alpine mammal during recent climate change. PLoS Genet. 15:e1008119.
doi: 10.1371/journal.pgen.1008119

Billerman, S. M., and Walsh, J. (2019). Historical DNA as a tool to address key
questions in avian biology and evolution: a review of methods, challenges,
applications, and future directions. Mol. Ecol. Resour. 19, 1115–1130. doi: 10.
1111/1755-0998.13066

BirdLife International (2020). Aptenodytes forsteri. The IUCN Red List of
Threatened Species 2020: e.T22697752A157658053. Cambridge: BirdLife
International. Available online at: https://dx.doi.org/10.2305/IUCN.UK.2020-
3.RLTS.T22697752A157658053.en

Blackburn, T. M., and Duncan, R. P. (2001). Determinants of establishment success
in introduced birds. Nature 414, 195–197. doi: 10.1038/35102557

Boakes, E. H., McGowan, P. J. K., Fuller, R. A., Chang-qing, D., Clark, N. E.,
O’Connor, K., et al. (2010). Distorted views of biodiversity: spatial and temporal

bias in species occurrence data. PLoS Biol. 8:e1000385. doi: 10.1371/journal.
pbio.1000385

Bourgeois, S., Kaden, J., Senn, H., Bunnefeld, N., Jeffery, K. J., Akomo-Okoue,
E. F., et al. (2019). Improving cost-efficiency of faecal genotyping: new tools for
elephant species. PLoS One 14:e0210811. doi: 10.1371/journal.pone.0210811

Brüniche-Olsen, A., Westerman, R., Kazmierczyk, Z., Vertyankin, V. V., Godard-
Codding, C., Bickham, J. W., et al. (2018). The inference of gray whale
(Eschrichtius robustus) historical population attributes from whole-genome
sequences. BMC Evol. Biol. 18, 1–12. doi: 10.1186/s12862-018-1204-3

Buggs, R. J. A. (2007). Empirical study of hybrid zone movement. Heredity 99,
301–312. doi: 10.1038/sj.hdy.6800997

Caballero, A. (1994). Developments in the prediction of effective population size.
Heredity 73, 657–679.

Campagna, C., and Campagna, L. (2012). Museos en el antropoceno: definiendo
nuevas buenas prácticas ante la crisis de la biodiversidad. Rev. Mus. Argent.
Cienc. Nat. 14, 199–207.

Carlen, E., and Munshi-South, J. (2021). Widespread genetic connectivity of feral
pigeons across the Northeastern megacity. Evol. Appl. 14, 150–162.

Carling, M. D., Serene, L. G., and Lovette, I. J. (2011). Using historical
DNA to characterize hybridization between baltimore orioles (Icterus
galbula) and bullock’s orioles (I. bullockii). Auk 128, 61–68. doi: 10.1525/auk.
2010.10164

Castañeda-Álvarez, N. P., Khoury, C. K., Achicanoy, H. A., Bernau, V., Dempewolf,
H., Eastwood, R. J., et al. (2016). Global conservation priorities for crop wild
relatives. Nat. Plants 2:16022. doi: 10.1038/nplants.2016.22

Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., and Postlethwait, J. H.
(2011). Stacks: building and genotyping loci de novo from short-read sequences.
G3 1, 171–182. doi: 10.1534/g3.111.000240

Chattopadhyay, B., Garg, K. M., Kumar, A. K. V., Doss, D. P. S., Rheindt, F. E.,
Kandula, S., et al. (2016). Genome-wide data reveal cryptic diversity and genetic
introgression in an Oriental cynopterine fruit bat radiation. BMC Evol. Biol.
16:41. doi: 10.1186/s12862-016-0599-y

Chen, I.-C., Hill, J. K., Ohlemuller, R., Roy, D. B., and Thomas, C. D. (2011). Rapid
range shifts of species associated with high levels of climate warming. Science
333, 1024–1026. doi: 10.1126/science.1206432

Chen, J., Saunders, S. C., Crow, T. R., Naiman, R. J., Brosofske, K. D., Mroz, G. D.,
et al. (1999). Microclimate in forest ecosystem and landscape ecology: variations
in local climate can be used to monitor and compare the effects of different
management regimes. BioScience 49, 288–297. doi: 10.2307/1313612

Chessa, B., Pereira, F., Arnaud, F., Amorim, A., Goyache, F., Mainland, I.,
et al. (2009). Revealing the history of sheep domestication using retrovirus
integrations. Science 324, 532–536. doi: 10.1126/science.1170587

Clifford, S. L., McGinnity, P., and Ferguson, A. (1998). Genetic changes in an
Atlantic salmon population resulting from escaped juvenile farm salmon. J. Fish
Biol. 52, 118–127. doi: 10.1111/j.1095-8649.1998.tb01557.x

Clucas, G. V., Kerr, L. A., Cadrin, S. X., Zemeckis, D. R., Sherwood, G. D., Goethel,
D., et al. (2019). Adaptive genetic variation underlies biocomplexity of Atlantic
Cod in the Gulf of Maine and on Georges Bank. PLoS One 14:e0216992. doi:
10.1371/journal.pone.0216992

Cooke, J. G. (2018). Eschrichtius robustus. The IUCN Red List of Threatened Species
2018: e.T8097A50353881. Available online at: https://dx.doi.org/10.2305/IUCN.
UK.2018-2.RLTS.T8097A50353881.en

Corlett, R. T. (2017). A bigger toolbox: biotechnology in biodiversity conservation.
Trends Biotechnol. 35, 55–65. doi: 10.1016/j.tibtech.2016.06.009

Costello, C. J., and Solow, A. R. (2003). On the pattern of discovery of introduced
species. Proc. Natl. Acad. Sci. U S A. 100, 3321–3323. doi: 10.1073/pnas.
0636536100

Cristofari, R., Bertorelle, G., Ancel, A., Benazzo, A., Le Maho, Y., Ponganis,
P. J., et al. (2016). Full circumpolar migration ensures evolutionary
unity in the Emperor penguin. Nat. Commun. 7:11842. doi: 10.1038/
ncomms11842

Deck, J., Gaither, M. R., Ewing, R., Bird, C. E., Davies, N., Meyer, C., et al. (2017).
The Genomic Observatories Metadatabase (GeOMe): a new repository for
field and sampling event metadata associated with genetic samples. PLoS Biol.
15:e2002925. doi: 10.1371/journal.pbio.2002925

Eckert, C. G., Samis, K. E., and Lougheed, S. C. (2008). Genetic variation across
species’ geographical ranges: the central–marginal hypothesis and beyond. Mol.
Ecol. 17, 1170–1188. doi: 10.1111/j.1365-294X.2007.03659.x

Frontiers in Ecology and Evolution | www.frontiersin.org 12 April 2021 | Volume 9 | Article 622603

https://doi.org/10.1007/s10592-018-1126-z
https://doi.org/10.1111/mec.13948
https://doi.org/10.1016/S0169-5347(01)02290-X
https://doi.org/10.1111/mec.13121
https://doi.org/10.1890/13-1328.1
https://doi.org/10.1890/13-1328.1
https://doi.org/10.1002/ajp.22743
https://doi.org/10.1002/ajp.22743
https://doi.org/10.1046/j.1365-294X.2003.01705.x
https://doi.org/10.3897/zookeys.365.5875
https://doi.org/10.1111/j.1752-4571.2011.00233.x
https://doi.org/10.1002/ece3.1617
https://doi.org/10.1002/ece3.1617
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/j.1365-294X.2010.04791.x
https://doi.org/10.1038/s41598-017-07382-7387
https://doi.org/10.1038/35075554
https://doi.org/10.1007/s10592-015-0775-774
https://doi.org/10.1007/s10592-015-0775-774
https://doi.org/10.1371/journal.pgen.1008119
https://doi.org/10.1111/1755-0998.13066
https://doi.org/10.1111/1755-0998.13066
https://dx.doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697752A157658053.en
https://dx.doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697752A157658053.en
https://doi.org/10.1038/35102557
https://doi.org/10.1371/journal.pbio.1000385
https://doi.org/10.1371/journal.pbio.1000385
https://doi.org/10.1371/journal.pone.0210811
https://doi.org/10.1186/s12862-018-1204-3
https://doi.org/10.1038/sj.hdy.6800997
https://doi.org/10.1525/auk.2010.10164
https://doi.org/10.1525/auk.2010.10164
https://doi.org/10.1038/nplants.2016.22
https://doi.org/10.1534/g3.111.000240
https://doi.org/10.1186/s12862-016-0599-y
https://doi.org/10.1126/science.1206432
https://doi.org/10.2307/1313612
https://doi.org/10.1126/science.1170587
https://doi.org/10.1111/j.1095-8649.1998.tb01557.x
https://doi.org/10.1371/journal.pone.0216992
https://doi.org/10.1371/journal.pone.0216992
https://dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.T8097A50353881.en
https://dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.T8097A50353881.en
https://doi.org/10.1016/j.tibtech.2016.06.009
https://doi.org/10.1073/pnas.0636536100
https://doi.org/10.1073/pnas.0636536100
https://doi.org/10.1038/ncomms11842
https://doi.org/10.1038/ncomms11842
https://doi.org/10.1371/journal.pbio.2002925
https://doi.org/10.1111/j.1365-294X.2007.03659.x
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-622603 March 31, 2021 Time: 13:51 # 13

García and Robinson Benchmarking Genetic and Genomic Diversity

Einum, S., and Fleming, I. A. (1997). Genetic divergence and interactions in the
wild among native, farmed and hybrid Atlantic salmon. J. Fish Biol. 50, 634–651.
doi: 10.1111/j.1095-8649.1997.tb01955.x

Engelbrecht, H. M., Branch, W. R., Greenbaum, E., Burger, M., Conradie,
W., and Tolley, K. A. (2019). African Herald snakes, Crotaphopeltis, show
population structure for a widespread generalist but deep genetic divergence
for forest specialists. J. Zool. Syst. Evol. Res. 58, 1220–1233. doi: 10.1111/jzs.1
2361

Ennen, J. R., Agha, M., Sweat, S. C., Matamoros, W. A., Lovich, J. E., Rhodin,
A. G. J., et al. (2020). Turtle biogeography: global regionalization and
conservation priorities. Biol. Conserv. 241:108323. doi: 10.1016/j.biocon.2019.
108323

Ewart, K. M., Johnson, R. N., Ogden, R., Joseph, L., Frankham, G. J., and Lo, N.
(2019). Museum specimens provide reliable SNP data for population genomic
analysis of a widely distributed but threatened cockatoo species. Mol. Ecol.
Resour. 19, 1578–1592. doi: 10.1111/1755-0998.13082

Eymann, J., Degreef, J., Häuser, C., Monje, J. C., Samyn, Y., and Vandenspiegel,
D. (2016). Manual on Field Recording Techniques and Protocols for all Taxa
Biodiversity Inventories and Monitoring. Belgium: Abc Taxa.

Ferrão, M., Colatreli, O., Fraga, R., de, Kaefer, I. L., Moravec, J., et al. (2016).
High species richness of Scinax treefrogs (Hylidae) in a threatened Amazonian
landscape revealed by an integrative approach. PLoS One 11:e0165679. doi:
10.1371/journal.pone.0165679

Ford, J. (1980). Morphological and ecological divergence and convergence in
isolated populations of the red-tailed black-cockatoo. EMU 80, 103–120. doi:
10.1071/mu9800103

Fouquet, A., Gilles, A., Vences, M., Marty, C., Blanc, M., and Gemmell, N. J. (2007).
Underestimation of species richness in neotropical frogs revealed by mtDNA
analyses. PLoS One 2:e1109. doi: 10.1371/journal.pone.0001109

Frankham, R., Bradshaw, C. J. A., and Brook, B. W. (2014). Genetics in
conservation management: revised recommendations for the 50/500 rules, Red
List criteria and population viability analyses. Biol. Conserv. 170, 56–63. doi:
10.1016/j.biocon.2013.12.036

Fretwell, P. T., LaRue, M. A., Morin, P., Kooyman, G. L., Wienecke, B., Ratcliffe, N.,
et al. (2012). An emperor penguin population estimate: the first global, synoptic
survey of a species from space. PLoS One 7:e33751. doi: 10.1371/journal.pone.
0033751

Fretwell, P. T., Trathan, P. N., Wienecke, B., and Kooyman, G. L. (2014). Emperor
penguins breeding on iceshelves. PLoS One 9:e85285. doi: 10.1371/journal.pone.
0085285

Funk, W. C., Caminer, M., and Ron, S. R. (2012). High levels of cryptic species
diversity uncovered in Amazonian frogs. Proc. R. Soc. B 279, 1806–1814. doi:
10.1098/rspb.2011.1653

Gallant, A. L., Klaver, R. W., Casper, G. S., and Lannoo, M. J. (2007). Global
rates of habitat loss and implications for amphibian conservation. Copeia 2007,
967–979.

Gattepaille, L., Günther, T., and Jakobsson, M. (2016). Inferring past effective
population size from distributions of coalescent times. Genetics 204, 1191–1206.
doi: 10.1534/genetics.115.185058

Giam, X., Scheffers, B. R., Sodhi, N. S., Wilcove, D. S., Ceballos, G., and Ehrlich,
P. R. (2012). Reservoirs of richness: least disturbed tropical forests are centres
of undescribed species diversity. Proc. R. Soc. B 279, 67–76. doi: 10.1098/rspb.
2011.0433

Gill, A. M., and Williams, J. E. (1996). Fire regimes and biodiversity: the
effects of fragmentation of southeastern Australian eucalypt forests by
urbanisation, agriculture and pine plantations. Forest Ecol. Manag. 85,
261–278.

Glover, K. A., Solberg, M. F., McGinnity, P., Hindar, K., Verspoor, E., Coulson,
M. W., et al. (2017). Half a century of genetic interaction between farmed and
wild Atlantic salmon: status of knowledge and unanswered questions. Fish Fish.
18, 890–927. doi: 10.1111/faf.12214

Gompert, Z., Mandeville, E. G., and Buerkle, C. A. (2017). Analysis of population
genomic data from hybrid zones. Annu. Rev. Ecol. Evol. Syst. 48, 207–229.
doi: 10.1146/annurev-ecolsys-110316-122652

Grossen, C., Biebach, I., Angelone-Alasaad, S., Keller, L. F., and Croll, D. (2018).
Population genomics analyses of European ibex species show lower diversity
and higher inbreeding in reintroduced populations. Evol. Appl. 11, 123–139.
doi: 10.1111/eva.12490

Guisan, A., Tingley, R., Baumgartner, J. B., Naujokaitis-Lewis, I., Sutcliffe, P. R.,
Tulloch, A. I. T., et al. (2013). Predicting species distributions for conservation
decisions. Ecol. Lett. 16, 1424–1435. doi: 10.1111/ele.12189

Gumbs, R., Gray, C. L., Böhm, M., Hoffmann, M., Grenyer, R., Jetz, W., et al.
(2020). Global priorities for conservation of reptilian phylogenetic diversity in
the face of human impacts. Nat. Commun. 11:2616. doi: 10.1038/s41467-020-
16410-16416

Hague, M. T. J., and Routman, E. J. (2016). Does population size affect genetic
diversity? a test with sympatric lizard species. Heredity 116, 92–98. doi: 10.1038/
hdy.2015.76

Hallman, T. A., Robinson, W. D., Curtis, J. R., and Alverson, E. R. (2020). Building
a better baseline to estimate 160 years of avian population change and create
historically informed conservation targets. Conserv. Biol. doi: 10.1111/cobi.
13676 Online ahead of print.

Hamilton, A., Allison, A., and Tallowin, O. (2013). Parapistocalamus hedigeri. The
IUCN Red List of Threatened Species 2013: e.T177530A1491389. Available online
at: https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T177530A1491389.en

Hayek, L.-A. C., and Buzas, M. A. (2010). Surveying Natural Populations:
Quantitative Tools for Assessing Biodiversity. New York, NY: Columbia
University Press.

Henry, P., Sim, Z., and Russello, M. A. (2012). Genetic evidence for restricted
dispersal along continuous altitudinal gradients in a climate change-sensitive
mammal: the American pika. PLoS One 7:e39077. doi: 10.1371/journal.pone.
0039077

Hewitt, G. M. (2001). Speciation, hybrid zones and phylogeography — or seeing
genes in space and time. Mol. Ecol. 10, 537–549. doi: 10.1046/j.1365-294x.2001.
01202.x

Hoban, S., Bruford, M., D’Urban Jackson, J., Lopes-Fernandes, M., Heuertz, M.,
Hohenlohe, P. A., et al. (2020). Genetic diversity targets and indicators in the
CBD post-2020 global biodiversity framework must be improved. Biol. Conserv.
248:108654. doi: 10.1016/j.biocon.2020.108654

Hulme-Beaman, A., Dobney, K., Cucchi, T., and Searle, J. B. (2016). An
ecological and evolutionary framework for commensalism in anthropogenic
environments. Trends Ecol. Evol. 31, 633–645. doi: 10.1016/j.tree.2016.05.001

Hykin, S. M., Bi, K., and McGuire, J. A. (2015). Fixing formalin: a method
to recover genomic-scale dna sequence data from formalin-fixed museum
specimens using high-throughput sequencing. PLoS One 10:e0141579. doi: 10.
1371/journal.pone.0141579

Iacolina, L., Corlatti, L., Buzan, E., Safner, T., and Šprem, N. (2019). Hybridisation
in European ungulates: an overview of the current status, causes, and
consequences. Mammal Rev. 49, 45–59. doi: 10.1111/mam.12140

Jenouvrier, S., Holland, M., Stroeve, J., Serreze, M., Barbraud, C., Weimerskirch, H.,
et al. (2014). Projected continent-wide declines of the emperor penguin under
climate change. Nat. Clim. Change 4, 715–718. doi: 10.1038/nclimate2280

Johnson, M. T. J., and Munshi-South, J. (2017). Evolution of life in urban
environments. Science 358:eaam8327. doi: 10.1126/science.aam8327

Kitada, S. (2018). Economic, ecological and genetic impacts of marine stock
enhancement and sea ranching: a systematic review. Fish Fish. 19, 511–532.
doi: 10.1111/faf.12271

Kozakiewicz, C. P., Burridge, C. P., Funk, W. C., Salerno, P. E., Trumbo, D. R.,
Gagne, R. B., et al. (2019). Urbanization reduces genetic connectivity in bobcats
(Lynx rufus) at both intra– and interpopulation spatial scales. Mol. Ecol. 28,
5068–5085. doi: 10.1111/mec.15274

Lavergne, S., Mouquet, N., Thuiller, W., and Ronce, O. (2010). Biodiversity and
climate change: integrating evolutionary and ecological responses of species and
communities annu. Rev. Ecol. Evol. Syst. 41, 321–350. doi: 10.1146/annurev-
ecolsys-102209-144628

Lawler, J. J., Shafer, S. L., White, D., Kareiva, P., Maurer, E. P., Blaustein, A. R., et al.
(2009). Projected climate-induced faunal change in the Western Hemisphere.
Ecology 90, 588–597. doi: 10.1890/08-0823.1

Lawson Handley, L. (2015). How will the ‘molecular revolution’ contribute to
biological recording? Biol. J. Linn. Soc. 115, 750–766. doi: 10.1111/bij.12516

Lenhardt, P. P., Brühl, C. A., Leeb, C., and Theissinger, K. (2017). Amphibian
population genetics in agricultural landscapes: does viniculture drive the
population structuring of the European common frog (Rana temporaria)? PeerJ
5:e3520. doi: 10.7717/peerj.3520

Lewis, S. L., and Maslin, M. A. (2015). Defining the Anthropocene. Nature 519,
171–180. doi: 10.1038/nature14258

Frontiers in Ecology and Evolution | www.frontiersin.org 13 April 2021 | Volume 9 | Article 622603

https://doi.org/10.1111/j.1095-8649.1997.tb01955.x
https://doi.org/10.1111/jzs.12361
https://doi.org/10.1111/jzs.12361
https://doi.org/10.1016/j.biocon.2019.108323
https://doi.org/10.1016/j.biocon.2019.108323
https://doi.org/10.1111/1755-0998.13082
https://doi.org/10.1371/journal.pone.0165679
https://doi.org/10.1371/journal.pone.0165679
https://doi.org/10.1071/mu9800103
https://doi.org/10.1071/mu9800103
https://doi.org/10.1371/journal.pone.0001109
https://doi.org/10.1016/j.biocon.2013.12.036
https://doi.org/10.1016/j.biocon.2013.12.036
https://doi.org/10.1371/journal.pone.0033751
https://doi.org/10.1371/journal.pone.0033751
https://doi.org/10.1371/journal.pone.0085285
https://doi.org/10.1371/journal.pone.0085285
https://doi.org/10.1098/rspb.2011.1653
https://doi.org/10.1098/rspb.2011.1653
https://doi.org/10.1534/genetics.115.185058
https://doi.org/10.1098/rspb.2011.0433
https://doi.org/10.1098/rspb.2011.0433
https://doi.org/10.1111/faf.12214
https://doi.org/10.1146/annurev-ecolsys-110316-122652
https://doi.org/10.1111/eva.12490
https://doi.org/10.1111/ele.12189
https://doi.org/10.1038/s41467-020-16410-16416
https://doi.org/10.1038/s41467-020-16410-16416
https://doi.org/10.1038/hdy.2015.76
https://doi.org/10.1038/hdy.2015.76
https://doi.org/10.1111/cobi.13676
https://doi.org/10.1111/cobi.13676
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T177530A1491389.en
https://doi.org/10.1371/journal.pone.0039077
https://doi.org/10.1371/journal.pone.0039077
https://doi.org/10.1046/j.1365-294x.2001.01202.x
https://doi.org/10.1046/j.1365-294x.2001.01202.x
https://doi.org/10.1016/j.biocon.2020.108654
https://doi.org/10.1016/j.tree.2016.05.001
https://doi.org/10.1371/journal.pone.0141579
https://doi.org/10.1371/journal.pone.0141579
https://doi.org/10.1111/mam.12140
https://doi.org/10.1038/nclimate2280
https://doi.org/10.1126/science.aam8327
https://doi.org/10.1111/faf.12271
https://doi.org/10.1111/mec.15274
https://doi.org/10.1146/annurev-ecolsys-102209-144628
https://doi.org/10.1146/annurev-ecolsys-102209-144628
https://doi.org/10.1890/08-0823.1
https://doi.org/10.1111/bij.12516
https://doi.org/10.7717/peerj.3520
https://doi.org/10.1038/nature14258
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-622603 March 31, 2021 Time: 13:51 # 14

García and Robinson Benchmarking Genetic and Genomic Diversity

Lim, H. C., and Braun, M. J. (2016). High-throughput SNP genotyping of historical
and modern samples of five bird species via sequence capture of ultraconserved
elements. Mol. Ecol. Resour. 16, 1204–1223.

Luikart, G., Antao, T., Hand, B. K., Muhlfeld, C. C., Boyer, M. C., Cosart, T., et al.
(2020). Detecting population declines via monitoring the effective number of
breeders (Nb). Mol. Ecol. Res. 21, 379–393. doi: 10.1111/1755-0998.13251

Luikart, G., Ryman, N., Tallmon, D. A., Schwartz, M. K., and Allendorf, F. W.
(2010). Estimation of census and effective population sizes: the increasing
usefulness of DNA-based approaches. Conserv. Genet. 11, 355–373. doi: 10.
1007/s10592-010-0050-57

Lynch, H. J., and LaRue, M. A. (2014). First global census of the Adélie Penguin.
Auk 131, 457–466. doi: 10.1642/AUK-14-31.1

Macdonald, S. L., Llewelyn, J., Moritz, C., and Phillips, B. L. (2017). Peripheral
isolates as sources of adaptive diversity under climate change. Front. Ecol. Evol.
5:88. doi: 10.3389/fevo.2017.00088

Maigret, T. A., Cox, J. J., and Weisrock, D. W. (2020). A spatial genomic approach
identifies time lags and historical barriers to gene flow in a rapidly fragmenting
Appalachian landscape. Mol. Ecol. 29, 673–685. doi: 10.1111/mec.15362

Martin, B. T., Douglas, M. R., Chafin, T. K., Placyk, J. S., Birkhead, R. D., Phillips,
C. A., et al. (2020). Contrasting signatures of introgression in North American
box turtle (Terrapene spp.) contact zones. Mol. Ecol. 29, 4186–4202. doi: 10.
1111/mec.15622

Maxwell, L. (2018). Drivers of introgression and fitness in the Saltmarsh-Nelson’s
Sparrow hybrid zone. Available online at: https://scholars.unh.edu/thesis/1217
(accessed October 20, 2020).

McCormack, J. E., Rodríguez-Gómez, F., Tsai, W. L., Faircloth, B. C., Rodríguez-
Gómez, F., Tsai, W. L. E., et al. (2017). “Transforming museum specimens
into genomic resources,” in The Extended Specimen: Emerging Frontiers in
Collections Based Ornithological Research, ed. M. S. Webster (Boca Raton, FL:
CRC Press, Taylor & Francis Group), 143–156.

McCormack, J. E., Tsai, W. L. E., and Faircloth, B. C. (2016). Sequence capture of
ultraconserved elements from bird museum specimens. Mol. Ecol. Resour. 16,
1189–1203. doi: 10.1111/1755-0998.12466

Nadeau, C. P., and Urban, M. C. (2019). Eco-evolution on the edge
during climate change. Ecography 42, 1280–1297. doi: 10.1111/ecog.
04404

Naka, L. N. (2011). Avian distribution patterns in the Guiana Shield: implications
for the delimitation of Amazonian areas of endemism. J. Biogeogr. 38, 681–696.
doi: 10.1111/j.1365-2699.2010.02443.x

Nascimento, J., Lima, J. D., Suárez, P., Baldo, D., Andrade, G. V., Pierson,
T. W., et al. (2019). Extensive cryptic diversity within the physalaemus
cuvieri–physalaemus ephippifer species complex (Amphibia, anura) revealed
by cytogenetic, mitochondrial, and genomic markers. Front. Genet. 10:719.
doi: 10.3389/fgene.2019.00719

Ntuli, N. N., Nicastro, K. R., Zardi, G. I., Assis, J., McQuaid, C. D., and Teske,
P. R. (2020). Rejection of the genetic implications of the “Abundant Centre
Hypothesis” in marine mussels. Sci. Rep. 10:604. doi: 10.1038/s41598-020-
57474-57470

Oldeschulte, D. L., Halley, Y. A., Wilson, M. L., Bhattarai, E. K., Brashear, W.,
Hill, J., et al. (2017). Annotated draft genome assemblies for the northern
bobwhite (Colinus virginianus) and the scaled quail (Callipepla squamata)
reveal disparate estimates of modern genome diversity and historic effective
population size. G3 7, 3047–3058. doi: 10.1534/g3.117.043083

Orgogozo, V., Morizot, B., and Martin, A. (2015). The differential view of
genotype–phenotype relationships. Front. Genet. 6:179. doi: 10.3389/fgene.
2015.00179

Payne, R., and Sorenson, M. (2010). Museum collections as sources of genetic data.
Bonn. Zool. Beitr. 51, 97–104.

Peacock, M. M., and Smith, A. T. (1997). The effect of habitat fragmentation on
dispersal patterns, mating behavior, and genetic variation in a pika (Ochotona
princeps) metapopulation. Oecologia 112, 524–533.

Pecl, G. T., Araújo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, I.-
C., et al. (2017). Biodiversity redistribution under climate change: impacts on
ecosystems and human well-being. Science 355:eaai9214. doi: 10.1126/science.
aai9214

Pelletier, F., Turgeon, G., Bourret, A., Garant, D., and St-Laurent, M.-H. (2019).
Genetic structure and effective size of an endangered population of woodland
caribou. Conserv. Genet. 20, 203–213. doi: 10.1007/s10592-018-1124-1121

Peterson, M. L., Doak, D. F., and Morris, W. F. (2019). Incorporating local
adaptation into forecasts of species’ distribution and abundance under climate
change. Glob. Change Biol. 25, 775–793. doi: 10.1111/gcb.14562

Pierson, J. C., Graves, T. A., Banks, S. C., Kendall, K. C., and Lindenmayer, D. B.
(2018). Relationship between effective and demographic population size in
continuously distributed populations. Evol. Appl. 11, 1162–1175.

Pierson, T. W., Kieran, T. J., Clause, A. G., and Castleberry, N. L. (2020).
Preservation-induced morphological change in salamanders and failed DNA
extraction from a decades-old museum specimen: implications for Plethodon
ainsworthi. J. Herpetol. 54, 137–143. doi: 10.1670/19-12

Pironon, S., Papuga, G., Villellas, J., Angert, A. L., García, M. B., and Thompson,
J. D. (2017). Geographic variation in genetic and demographic performance:
new insights from an old biogeographical paradigm. Biol. Rev. 92, 1877–1909.
doi: 10.1111/brv.12313

Purcell, K. M., and Stockwell, C. A. (2015). An evaluation of the genetic structure
and post-introduction dispersal of a non-native invasive fish to the North Island
of New Zealand. Biol. Invasions 17, 625–636. doi: 10.1007/s10530-014-0753-
757

Quail, M., Smith, M. E., Coupland, P., Otto, T. D., Harris, S. R., Connor, T. R.,
et al. (2012). A tale of three next generation sequencing platforms: comparison
of Ion torrent, pacific biosciences and illumina MiSeq sequencers. BMC Genom.
13:341. doi: 10.1186/1471-2164-13-341

Ralls, K., Ballou, J. D., Dudash, M. R., Eldridge, M. D. B., Fenster, C. B., Lacy, R. C.,
et al. (2018). Call for a paradigm shift in the genetic management of fragmented
populations. Conserv. Lett. 11, 1–6.

Ramakrishan, U., Hadly, E. A., and Mountain, J. L. (2005). Detecting past
population bottlenecks using temporal genetic data. Mol. Ecol. 14, 2915–2922.

Rising, J. D., and Avise, J. C. (1993). Application of genealogical-concordance
principles to the taxonomy and evolutionary history of the sharp-tailed sparrow
(Ammodramus caudacutus). Auk 110, 844–856. doi: 10.2307/4088638

Rocha, L. A., Aleixo, A., Allen, G., Almeda, F., Baldwin, C. C., Barclay, M. V. L.,
et al. (2014). Specimen collection: an essential tool. Science 344, 814–815. doi:
10.1126/science.344.6186.814

Rompré, G., Robinson, W. D., and Desrochers, A. (2008). Causes of habitat loss in
a Neotropical landscape: the panama canal corridor. Landscape Urban Plan. 87,
129–139. doi: 10.1016/j.landurbplan.2008.05.006

Rouget, M., Richardson, D. M., Cowling, R. M., Lloyd, J. W., and Lombard,
A. T. (2003). Current patterns of habitat transformation and future threats to
biodiversity in terrestrial ecosystems of the cape floristic region. South Africa.
Biol. Conserv. 112, 63–85. doi: 10.1016/S0006-3207(02)00395-396

Ruane, S., and Austin, C. C. (2017). Phylogenomics using formalin-fixed and
100+ year-old intractable natural history specimens. Mol. Ecol. Resour. 17,
1003–1008.

Ruegg, K., Bay, R. A., Anderson, E. C., Saracco, J. F., Harrigan, R. J., Whitfield,
M., et al. (2018). Ecological genomics predicts climate vulnerability in an
endangered southwestern songbird. Ecol. Lett. 2, 1085–1096. doi: 10.1111/ele.
12977

Russello, M. A., Waterhouse, M. D., Etter, P. D., and Johnson, E. A. (2015).
From promise to practice: pairing non-invasive sampling with genomics in
conservation. PeerJ 3:e1106.

Ryan, S. F., Deines, J. M., Scriber, J. M., Pfrender, M. E., Jones, S. E., Emrich, S. J.,
et al. (2018). Climate-mediated hybrid zone movement revealed with genomics,
museum collection, and simulation modeling. Proc. Natl. Acad. Sci. U S A. 115,
E2284–E2291. doi: 10.1073/pnas.1714950115

Sabino-Marques, H., Ferreira, C. M., Paupério, J., Costa, P., Barbosa, S.,
Encarnação, C., et al. (2018). Combining genetic non-invasive sampling with
spatially explicit capture-recapture models for density estimation of a patchily
distributed small mammal. Eur. J. Wildl. Res. 64:44. doi: 10.1007/s10344-018-
1206-x

Saragusty, J., Diecke, S., Drukker, M., Durrant, B., Ben-Nun, I. F., Galli, C., et al.
(2016). Rewinding the process of mammalian extinction. Zoo Biol. 35, 280–292.
doi: 10.1002/zoo.21284

Saragusty, J., and Loi, P. (2019). Exploring dry storage as an alternative biobanking
strategy inspired by nature. Theriogenology 126, 17–27.

Sato, Y., Ogden, R., Kishida, T., Nakajima, N., Maeda, T., and Inoue-Murayama,
M. (2020). Population history of the golden eagle inferred from whole-
genome sequencing of three of its subspecies. Biol. J. Linn. Soc. 130,
826–838.

Frontiers in Ecology and Evolution | www.frontiersin.org 14 April 2021 | Volume 9 | Article 622603

https://doi.org/10.1111/1755-0998.13251
https://doi.org/10.1007/s10592-010-0050-57
https://doi.org/10.1007/s10592-010-0050-57
https://doi.org/10.1642/AUK-14-31.1
https://doi.org/10.3389/fevo.2017.00088
https://doi.org/10.1111/mec.15362
https://doi.org/10.1111/mec.15622
https://doi.org/10.1111/mec.15622
https://scholars.unh.edu/thesis/1217
https://doi.org/10.1111/1755-0998.12466
https://doi.org/10.1111/ecog.04404
https://doi.org/10.1111/ecog.04404
https://doi.org/10.1111/j.1365-2699.2010.02443.x
https://doi.org/10.3389/fgene.2019.00719
https://doi.org/10.1038/s41598-020-57474-57470
https://doi.org/10.1038/s41598-020-57474-57470
https://doi.org/10.1534/g3.117.043083
https://doi.org/10.3389/fgene.2015.00179
https://doi.org/10.3389/fgene.2015.00179
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1007/s10592-018-1124-1121
https://doi.org/10.1111/gcb.14562
https://doi.org/10.1670/19-12
https://doi.org/10.1111/brv.12313
https://doi.org/10.1007/s10530-014-0753-757
https://doi.org/10.1007/s10530-014-0753-757
https://doi.org/10.1186/1471-2164-13-341
https://doi.org/10.2307/4088638
https://doi.org/10.1126/science.344.6186.814
https://doi.org/10.1126/science.344.6186.814
https://doi.org/10.1016/j.landurbplan.2008.05.006
https://doi.org/10.1016/S0006-3207(02)00395-396
https://doi.org/10.1111/ele.12977
https://doi.org/10.1111/ele.12977
https://doi.org/10.1073/pnas.1714950115
https://doi.org/10.1007/s10344-018-1206-x
https://doi.org/10.1007/s10344-018-1206-x
https://doi.org/10.1002/zoo.21284
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-622603 March 31, 2021 Time: 13:51 # 15

García and Robinson Benchmarking Genetic and Genomic Diversity

Schlaepfer, D. R., Braschler, B., Rusterholz, H. P., and Baur, B. (2018). Genetic
effects of anthropogenic habitat fragmentation on remnant animal and plant
populations: a meta-analysis. Ecosphere 9:e02488.

Sedgwick, J. A. (2020). “Willow flycatcher (Empidonax traillii), version 1.0,” in
Birds of the World, eds A. F. Poole and F. B. Gill (Ithaca, NY: Cornell Lab of
Ornithology).

Sexton, J. P., Montiel, J., Shay, J. E., Stephens, M. R., and Slatyer, R. A. (2017).
Evolution of Ecological Niche Breadth. Annu. Rev. Ecol. Evol. Syst. 48, 183–206.
doi: 10.1146/annurev-ecolsys-110316-123003

Shoo, L. P., Williams, S. E., and Hero, J.-M. (2006). Detecting climate change
induced range shifts: where and how should we be looking? Austral. Ecol. 31,
22–29. doi: 10.1111/j.1442-9993.2006.01539.x

Silva, A. C. A., Bragg, J. G., Potter, S., Fernandes, C., Coelho, M. M., and
Moritz, C. (2017). Tropical specialist vs. climate generalist: diversification
and demographic history of sister species of Carlia skinks from northwestern
Australia. Mol. Ecol. 26, 4045–4058. doi: 10.1111/mec.14185

Simmons, J. E. (2014). Fluid Preservation: A Comprehensive Reference. Plymouth:
Rowman & Littlefield.

Sinai, I., Segev, O., Weil, G., Oron, T., Merilä, J., Templeton, A. R., et al. (2019). The
role of landscape and history on the genetic structure of peripheral populations
of the Near Eastern fire salamander, Salamandra infraimmaculata, in Northern
Israel. Conserv. Genet. 20, 875–889. doi: 10.1007/s10592-019-01181-1185

Slatyer, R. A., Hirst, M., and Sexton, J. P. (2013). Niche breadth predicts
geographical range size: a general ecological pattern. Ecol. Lett. 16, 1104–1114.
doi: 10.1111/ele.12140

Smith, A. T., and Beever, E. (2016). Ochotona princeps. The IUCN Red List of
Threatened Species 2016: e.T41267A45184315. Available online at: https://dx.
doi.org/10.2305/IUCN.UK.2016-3.RLTS.T41267A45184315.en

Sogge, M. K., Marshall, R. M., Sferra, S. J., and Tibbitts, T. J. (1997). A Southwestern
Willow Flycatcher Natural History Summary and Survey Protocol. Flagstaff,
AZ: USGS Colorado Plateau Research Station, Northern Arizona University.
Technical Report NPS/NAUCPRS/NRTR-97/12.

Solberg, K. H., Bellemain, E., Drageset, O.-M., Taberlet, P., and Swenson, J. E.
(2006). An evaluation of field and non-invasive genetic methods to estimate
brown bear (Ursus arctos) population size. Biol. Conserv. 128, 158–168. doi:
10.1016/j.biocon.2005.09.025

Somenzi, E., Ajmone-Marsan, P., and Barbato, M. (2020). Identification of ancestry
informative marker (AIM) panels to assess hybridisation between feral and
domestic sheep. Animals 10:582. doi: 10.3390/ani10040582

Srinivasulu, C., Srinivasulu, B., Deepak, V., and Achyuthan, N. S. (2013).
Xylophis stenorhynchus. The IUCN Red List of Threatened Species 2013:
e.T172586A1346955. Available online at: https://dx.doi.org/10.2305/IUCN.UK.
2013-1.RLTS.T172586A1346955.en

Stewart, J. A. E., Perrine, J. D., Nichols, L. B., Thorne, J. H., Millar, C. I., Goehring,
K. E., et al. (2015). Revisiting the past to foretell the future: summer temperature
and habitat area predict pika extirpations in California. J. Biogeogr. 42, 880–890.
doi: 10.1111/jbi.12466

Stork, N. E. (1993). How many species are there? Biodivers. Conserv. 2, 215–232.
Taylor, R., Manseau, M., Redquest, B., and Wilson, P. (2020). Whole genome

sequences from non-invasively collected samples. Authorea [Preprint]. doi:
10.22541/au.158809437.78730399 (accessed May 6, 2020).

Taylor, S. A., White, T. A., Hochachka, W. M., Ferretti, V., Curry, R. L., and Lovette,
I. (2014). Climate-mediated movement of an avian hybrid zone. Curr. Biol. 24,
671–676. doi: 10.1016/j.cub.2014.01.069

Templeton, A. R. (1994). Biodiversity at the molecular genetic level: experiences
from disparate macroorganisms. Philos. T. Roy. Soc. B 345, 59–64.

Thakur, M., Schättin, E. W., and McShea, W. J. (2018). Globally common, locally
rare: revisiting disregarded genetic diversity for conservation planning of
widespread species. Biodiver. Conserv. 27, 3031–3035. doi: 10.1007/s10531-018-
1579-x

Trathan, P. N., Fretwell, P. T., and Stonehouse, B. (2011). First recorded loss of
an emperor penguin colony in the recent period of antarctic regional warming:
implications for other colonies. PLoS One 6:e14738. doi: 10.1371/journal.pone.
0014738

Trumbo, D. R., Epstein, B., Hohenlohe, P. A., Alford, R. A., Schwarzkopf,
L., and Storfer, A. (2016). Mixed population genomics support for the
central marginal hypothesis across the invasive range of the cane toad

(Rhinella marina) in Australia. Mol. Ecol. 25, 4161–4176. doi: 10.1111/mec.1
3754

Tsai, W. L. E., Schedl, M. E., Maley, J. M., and McCormack, J. E. (2020). More
than skin and bones: comparing extraction methods and alternative sources
of DNA from avian museum specimens. Mol. Ecol. Resour 20, 1220–1227.
doi: 10.1111/1755-0998.13077

Vacher, J., Chave, J., Ficetola, F. G., Sommeria-Klein, G., Tao, S., Thébaud, C.,
et al. (2020). Large-scale DNA-based survey of frogs in Amazonia suggests a
vast underestimation of species richness and endemism. J. Biogeogr. JB. 47,
1781–1791. doi: 10.1111/jbi.13847

Vale, M. M., and Jenkins, C. N. (2012). Across-taxa incongruence in patterns
of collecting bias. J. Biogeogr. 39, 1744–1748. doi: 10.1111/j.1365-2699.2012.0
2750.x

van der Valk, T., Díez-del-Molino, D., Marques-Bonet, T., Guschanski, K., and
Dalén, L. (2019). Historical genomes reveal the genomic consequences of recent
population decline in eastern gorillas. Curr. Biol. 29, 165–170.e6. doi: 10.1016/j.
cub.2018.11.055

Vieites, D. R., Wollenberg, K. C., Andreone, F., Kohler, J., Glaw, F., and Vences,
M. (2009). Vast underestimation of Madagascar’s biodiversity evidenced by an
integrative amphibian inventory. Proc. Natl. Acad. Sci. U S A. 106, 8267–8272.
doi: 10.1073/pnas.0810821106

Vitousek, P. M., D’Antonio, C. M., Loope, L. L., Rejmánek, M., and Westbrooks,
R. (1997). Introduced species: a significant component of human-caused global
change. New Zeal. J. Ecol. 21, 1–16.

Walsh, E. S., Vierling, K. T., Strand, E., Bartowitz, K., and Hudiburg, T. W. (2019).
Climate change, woodpeckers, and forests: current trends and future modeling
needs. Ecol. Evol. 9, 2305–2319. doi: 10.1002/ece3.4876

Walsh, J., Clucas, G. V., MacManes, M. D., Thomas, W. K., and Kovach, A. I.
(2019). Divergent selection and drift shape the genomes of two avian sister
species spanning a saline–freshwater ecotone. Ecol. Evol. 9, 13477–13494. doi:
10.1002/ece3.5804

Waples, R. S. (2016). Making sense of genetic estimates of effective population size.
Mol. Ecol. 25, 4689–4691. doi: 10.1111/mec.13814

Waters, C. N., Zalasiewicz, J., Summerhayes, C., Barnosky, A. D., Poirier,
C., Gałuszka, A., et al. (2016). The Anthropocene is functionally and
stratigraphically distinct from the Holocene. Science 351:aad2622. doi: 10.1126/
science.aad2622

Webster, M. S. (ed.) (2018). The Extended Specimen: Emerging Frontiers in
Collections-based Ornithological Research. Boca Raton: CRC Press, Taylor &
Francis Group.

Wolf, J. B., and Ellegren, H. (2017). Making sense of genomic islands of
differentiation in light of speciation. Nat. Rev. Genet. 18:87.

Wong, P. B. Y., Wiley, E. O., Johnson, W. E., Ryder, O. A., O’Brien, S. J.,
Haussler, D., et al. (2012). Tissue sampling methods and standards for vertebrate
genomics. GigaScience 1, 1–12. doi: 10.1186/2047-217X-1-8

Yeates, D. K., Zwick, A., and Mikheyev, A. S. (2016). Museums are biobanks:
unlocking the genetic potential of the three billion specimens in the world’s
biological collections. Curr. Opin. Insect Sci. 18, 83–88. doi: 10.1016/j.cois.2016.
09.009

Yohe, L. R., Devanna, P., Davies, K. T. J., Potter, J. H. T., Rossiter, S. J., Teeling,
E. C., et al. (2019). Tissue collection of bats for -omics analyses and primary cell
culture. J. Vis. Exp. 152:e59505. doi: 10.3791/59505

Younger, J. L., Clucas, G. V., Kao, D., Rogers, A. D., Gharbi, K., Hart, T.,
et al. (2017). The challenges of detecting subtle population structure and its
importance for the conservation of emperor penguins. Mol. Ecol. 26, 3883–
3897. doi: 10.1111/mec.14172

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 García and Robinson. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org 15 April 2021 | Volume 9 | Article 622603

https://doi.org/10.1146/annurev-ecolsys-110316-123003
https://doi.org/10.1111/j.1442-9993.2006.01539.x
https://doi.org/10.1111/mec.14185
https://doi.org/10.1007/s10592-019-01181-1185
https://doi.org/10.1111/ele.12140
https://dx.doi.org/10.2305/IUCN.UK.2016-3.RLTS.T41267A45184315.en
https://dx.doi.org/10.2305/IUCN.UK.2016-3.RLTS.T41267A45184315.en
https://doi.org/10.1016/j.biocon.2005.09.025
https://doi.org/10.1016/j.biocon.2005.09.025
https://doi.org/10.3390/ani10040582
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T172586A1346955.en
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T172586A1346955.en
https://doi.org/10.1111/jbi.12466
https://doi.org/10.22541/au.158809437.78730399
https://doi.org/10.22541/au.158809437.78730399
https://doi.org/10.1016/j.cub.2014.01.069
https://doi.org/10.1007/s10531-018-1579-x
https://doi.org/10.1007/s10531-018-1579-x
https://doi.org/10.1371/journal.pone.0014738
https://doi.org/10.1371/journal.pone.0014738
https://doi.org/10.1111/mec.13754
https://doi.org/10.1111/mec.13754
https://doi.org/10.1111/1755-0998.13077
https://doi.org/10.1111/jbi.13847
https://doi.org/10.1111/j.1365-2699.2012.02750.x
https://doi.org/10.1111/j.1365-2699.2012.02750.x
https://doi.org/10.1016/j.cub.2018.11.055
https://doi.org/10.1016/j.cub.2018.11.055
https://doi.org/10.1073/pnas.0810821106
https://doi.org/10.1002/ece3.4876
https://doi.org/10.1002/ece3.5804
https://doi.org/10.1002/ece3.5804
https://doi.org/10.1111/mec.13814
https://doi.org/10.1126/science.aad2622
https://doi.org/10.1126/science.aad2622
https://doi.org/10.1186/2047-217X-1-8
https://doi.org/10.1016/j.cois.2016.09.009
https://doi.org/10.1016/j.cois.2016.09.009
https://doi.org/10.3791/59505
https://doi.org/10.1111/mec.14172
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

	Current and Forthcoming Approaches for Benchmarking Genetic and Genomic Diversity
	Introduction
	Understanding the Extent of Genetic and Genomic Diversity Loss in a Rapidly Changing World
	Rare and Declining Species
	Hotspots of Undescribed or Cryptic Species
	Fragmented Populations Due to Natural and Anthropogenic Causes
	Transecting Geographic Ranges
	Habitat Specialists Versus Generalists
	Range-Restricted Versus Widespread Species
	Hybrid Zones
	Newly Colonizing Populations and Reintroductions
	Species Benefiting From Anthropogenic Novelty

	Surveying Past and Current Genomic Diversity From Non-Invasive and Historical Samples
	Moving Forward: Collecting and Preserving Samples Today Planning for the Future
	Conclusion/Final Remarks
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


