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Global conservation policy and action have largely neglected protecting and monitoring genetic diversity—one of the three main pillars of
biodiversity. Genetic diversity (diversity within species) underlies species’ adaptation and survival, ecosystem resilience, and societal innovation.
The low priority given to genetic diversity has largely been due to knowledge gaps in key areas, including the importance of genetic diversity and
the trends in genetic diversity change; the perceived high expense and low availability and the scattered nature of genetic data; and complicated
concepts and information that are inaccessible to policymakers. However, numerous recent advances in knowledge, technology, databases,
practice, and capacity have now set the stage for better integration of genetic diversity in policy instruments and conservation efforts. We review
these developments and explore how they can support improved consideration of genetic diversity in global conservation policy commitments
and enable countries to monitor, report on, and take action to maintain or restore genetic diversity.
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Now is a critical time to embrace transformational
change in society’s relationship with nature, to con-
serve biodiversity, and to support resilient ecosystems. This
will require appropriate targets and goals, coordinated and
ambitious action, and ongoing monitoring with scalable,
relevant, and reliable measures of progress, for all levels of
biodiversity (Diaz et al. 2020, WWF 2020). Numerous bio-
diversity initiatives are facing this challenge. The foremost
global commitment—the Convention on Biological Diversity
(CBD)—has had five components since its inception in 1992:
to conserve the three levels of biodiversity (genetic, taxo-
nomic, and ecosystem), to achieve sustainable use of nature’s
contributions to people, and to ensure shared and equitable
benefits from such use (www.cbd.int). The CBD Secretariat,
Parties, and experts are currently drafting priorities, goals,
targets, and indicators for 2020-2030 and beyond; a final
agreement is expected in 2021. Other relevant initiatives
making biodiversity and societal commitments include the
Sustainable Development Goals (SDG) 2020-2030 Decade of
Action, the Global Strategy for Plant Conservation (GSPC)

post-2020 goals, the UN Decade of Ocean Science, the EU
Biodiversity Strategy for 2030, the IPBES work plan for 2030,
and the International Union for Conservation of Natures
(IUCN) Key Biodiversity Areas. In addition to existing pol-
icy, ambitious proposals exist for safeguarding species’ biodi-
versity, such as reducing extinctions to near zero (Rounsevell
etal. 2020), and for protecting ecosystems, such as preserving
30%-50% of land and sea area.

However, ambitious, quantitative goals for genetic diversity
are lacking (Diaz et al. 2020, Hoban et al. 2020a). Genetic
erosion is ongoing, in rare and common species (Stoffel et al.
2018, Leigh et al. 2019, CBD 2020a). This loss is serious;
genetic diversity (heritable variation among individuals and
populations, encoded in DNA, e.g., intraspecific diversity)
is necessary for species to adapt to the degree and pace of
modern environmental change, including climate change and
diseases. Long-term species survival critically depends on it.
It is also important for short-term survival to avoid inbreed-
ing depression. The mortality rate for the offspring of related
parents is often 30%- 40% higher than when the parents are
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Figure 1. Summary of the enabling conditions, and the issues or challenges to overcome, that will enable positive global
policies to set goals, targets and indicators, and help countries to commit to monitoring and reporting (Outcomes post
2020). Abbreviation: FAIR, findable, accessible, interoperable, and reusable.

unrelated, and the surviving inbred offspring often have lower
health, growth rates, or fertility (Ralls et al. 1979, Charpentier
et al. 2007). Genetic diversity also underlies resilient and
diverse ecosystems and is a resource for innovation and a
margin of safety to protect the welfare of society in a changing
world (Des Roches et al. 2021).

Because international biodiversity conservation instru-
ments are currently being revised, there is a unique opportu-
nity to commit to action to avert genetic diversity loss and to
advance monitoring of genetic change over time (Diaz et al.
2020, Hoban et al. 2020a, Des Roches et al. 2021). A strong
commitment to ambitious genetic diversity conservation
is needed and is feasible, especially as genetics gains more
importance in ecology and natural resource management
(McCallen et al. 2019). However, recent drafts for the CBD
post-2020 framework have a vague commitment to genetic
diversity conservation, a single biodiversity goal rather than
a goal for each of the three levels (CBD 2020a, 2020b), and
proposed genetic indicators that are weak and primarily
restricted to agricultural species (Hoban et al. 2020a).

In this article, we critically examine the enabling condi-
tions for global agreements to explicitly and comprehensively
commit to strong goals, concerted action, and monitoring for
genetic diversity (figure 1). We first explain recent findings
showing that nature and society need the resilience provided
by genetic diversity more than ever, along with findings
that document rapid, alarming loss of genetic diversity.

https://academic.oup.com/bioscience

We then review monitoring tools to effectively incorporate
genetic diversity under global policy frameworks, reliable
indicators based on proxies, and infrastructure and technol-
ogy to affordably collect, share, and interpret genetic data.
Then we highlight successful regional policies protecting
genetic diversity and adaptive processes and capacity build-
ing through international partnerships. This breadth of
topics and the inclusion of recent and practical solutions
to longstanding issues in genetic monitoring complement
and build on previous reviews in conservation genetics (e.g.,
Smith et al. 2014, Shafer et al. 2015). We conclude that com-
mitment to genetic diversity conservation, supported by
monitoring using a combination of DNA based studies and
available proxies, is now both possible and necessary.

First set of conditions: Necessary knowledge

The first elements needed to motivate and guide genetic diver-
sity monitoring are knowledge regarding the importance of
genetic diversity and the current rate of loss of genetic diversity
(figure 1). This knowledge tells policy makers that genetic
diversity is critical, and genetic diversity is declining rapidly.

Genetic diversity is the foundation of resilience in nature. Genetic
diversity provides the capacity for all species to adapt; without
it, species cannot survive changing environments, climate
change, and new pest and disease impacts. Genetic diver-
sity is also important in unchanging environments. When
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a baseline effective population size (N,).

Table 1. Predicted loss of two metrics of genetic diversity, heterozygosity and allelic diversity, after a 68% decline from

N, population size after 68%
decline, as is reported in the

Predicted loss of genetic
variation of individuals
(heterozygosity?; as a

Predicted loss of genetic
variation that helps populations
adapt (alleles®; as a

Baseline N, population size Living Planet Index percentage) percentage)

1000 320 60.3 19.4
10000 3200 29.8 54.4
100000 32000 4.9 66.30
1000000 320000 0.5 67.8

change.

Note: Effective population size is a genetic parameter used to measure loss of genetic diversity; it is often one-tenth of the census size. The
68% decline is the average vertebrate population decline reported by the Living Planet Index (LPI). We use (Kimura and Crow 1964) to predict
expected heterozygosity, He, from effective population size and we use (Jost 2010) to predict allelic diversity, AD, from He. A decline in N, causes
a loss of He, with the largest proportional losses in small populations because of unequal family size and mating among relatives. A decline in
N, causes a loss of AD, with the largest proportional losses in large populations because large populations harbor many rare alleles that can be
easily lost. The smaller proportional loss of AD in small populations is because they have fewer alleles to begin with. Note that the percentage
loss shown will not precisely equate to a species’ ability to adapt; in particular, even though fewer alleles are lost in small populations, this
should not be interpreted as unimportant. These figures suggest that genetic diversity losses are very large if populations decline in abundance
similar to declines in the LPI. Full table and details on methodology and caveats in supplement S1. @Expected heterozygosity, the genetic
variation most useful for immediate recovery. PAllelic diversity, the genetic variation most important for long term response to environmental

populations are reduced to small numbers of individuals (i.e.,
a few hundred), negative consequences of inbreeding can
occur, lowering fitness and fecundity, which threatens species’
survival and makes recovery more expensive and difficult
(Blomqyvist et al. 2010). Moreover, the dependence of ecosys-
tem resilience and recovery on genetic diversity has become
increasingly clear, particularly for surviving extreme weather
events and warmer temperatures—for example, in corals, kelp,
and seagrass ecosystems (Reusch et al. 2005, Wernberg et al.
2018, Morikawa and Palumbi 2019). Genetic diversity within
species also enables greater species diversity by affecting niche
space and competition, as in forest trees and in insect commu-
nities (Keith et al. 2017, Clark 2010). Resilience in ecosystems
supports services such as coastal protection, water manage-
ment, pest and disease management, carbon sequestration,
and fisheries (for a review, see Stange et al. 2020, Des Roches
et al. 2021). In fact, genetic diversity underpins ecosystem
function and community structure as fundamentally as species
diversity does (Prieto et al. 2015, Raffard et al. 2019).

Genetic diversity enables sustainable development and innova-
tions in agriculture and semimanaged systems, supporting stable
societies. Naturally occurring genetic diversity has been incor-
porated within numerous crops, mitigating major production
losses due to flooding, high salinity, and toxic soils—chal-
lenges that are increasing with climate change (for a review,
see Mickelbart et al. 2015). The genetic diversity in major
tree genera that are harvested for timber and biofuels (such as
Pinus, Fagus, Acacia, and Fraxinus) is allowing forest restora-
tion and recovery after recent devastating pathogen and pest
attacks (Sniezko and Koch 2017). The genetic diversity within
wild species that can be bred with major crops (i.e., crop wild
relatives) to provide pest and disease resilience, increased
yield, and add other novel traits was valued in 1997 at US$115
billion per year globally. For a specific example, the contribu-
tion of wild relatives to sunflower is at least US$267 million
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(Pimentel et al. 1997, Hein and Gatzweiler 2006, Seiler et al.
2017). Such valuation was not inclusive of the direct contribu-
tions of thousands of wild species used by humans for food,
fiber, fuel, and medicine, or their contribution to ecosys-
tem services, including pollination and multiuse grasslands
(Hajjar et al. 2008). The importance of genetic diversity for
nature and society under increasing climate change, habitat
modification, and new diseases mean that protecting, assess-
ing, and monitoring genetic diversity are essential.

Specific anthropogenic drivers are causing rapid, alarming loss of
genetic diversity. Researchers have worked for decades to
measure genetic diversity patterns and understand how
environmental change and human impacts cause genetic
diversity change. Early work identified lower genetic diver-
sity in rare and threatened species (Frankham 1996, Garner
et al. 2005). Subsequent studies further documented how
population reductions and habitat fragmentation rapidly
affect populations’ genetic composition. A recent meta-
analysis showed 6% loss of genetic diversity in populations
of 91 species over the past century (Leigh et al. 2019). A 6%
decline is greater than estimated losses in species’ diversity
via extinctions (e.g., 1% of mammals extinct in the twentieth
century; Ceballos et al. 2015). Genetic erosion on island sys-
tems is even worse—a striking 28% (Leigh et al. 2019). Such
losses are likely in other island-like systems (lakes, mountain
peaks, isolated habitats, etc.). The impact of harvesting is
also concerning, with genetic diversity in harvested fish 12%
lower than unharvested counterparts (Pinsky and Palumbi
2014). Moreover, the extirpation of populations causes the
loss of unique genetic adaptations to local environments
(Ceballos et al. 2020). The recently reported 68% decline in
the Living Planet Index, which is based on vertebrate popu-
lation sizes (WWF 2020), will result in dramatic losses of
genetic diversity. Table 1 portrays the potential magnitude of
such loss, by using population genetic theory to predict the
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amount of genetic diversity (using two metrics for genetic
diversity—alleles and heterozygosity—that change at differ-
ent rates) for populations with a given effective population
size (N; for a definition, see table 1). On the basis of this
analysis, assuming global 68% population reductions, many
species are predicted to experience more than 50% loss of
genetic diversity if no protective actions are taken (table 1,
supplemental table S1).

Second set of conditions: Monitoring tools

Genetic diversity monitoring will require three pillars that
complement and enhance each other: globally applicable
indicators based on reasonable proxies of genetic diversity,
improved standards and infrastructure, and technically fea-
sible and affordable DNA-based monitoring (figure 1).

Reliable indicators exist to effectively incorporate genetic diversity
into global policy frameworks. Indicators are measurements
that are used to provide insight into a system; they are used
to monitor the state of a system, track overall trends, assess
which policy interventions have strong impact, and aid deci-
sion-makers in prioritizing resources. The lack of effective
indicators for tracking genetic diversity status and change
has been recognized (CBD 2020b). Specifically, existing
indicators such as the Red List Index, the size of seed banks,
and the number of threatened livestock breeds poorly reflect
the status, threats, or trends in genetic diversity of species
(Hoban et al. 2020a).

Recent research shows that sometimes environmental,
demographic, and geographic data can help assess, moni-
tor, and conserve adaptive potential and genetic resilience
of populations in situ and ex situ (Beckman et al. 2019,
Hollingsworth et al. 2020, Hoban et al. 2020b, Di Santo and
Hamilton 2021). On the basis of this knowledge, (Hoban
et al. 2020a) proposed three new pragmatic indicators for
genetic diversity status and trends for the CBD (figure 2):

First is the proportion of all populations that are suf-
ficiently large to maintain genetic diversity. Populations
maintaining an effective population size (N,)—a metric
reflecting the rate of genetic erosion—greater than 500
should retain substantial adaptive variation for many gen-
erations (Franklin 1980, Allendorf et al. 2013, Ryman et al.
2019). Contemporary N, can often be estimated from genetic
or demographic data, using a number of available methods,
which has been done in hundreds of cases (see Hoban et al.
2020a). Recognizing the assumptions and limitations of each
method and appropriate sampling methods is crucial; for-
tunately, guidance on these areas is available (Gilbert and
Whitlock 2015, Frankham et al. 2019, Ryman et al. 2019).
Alternatively, Ne can be estimated by a general rule where
N, is approximately 10% of census size (N,), which translates
to N, of 5000 (Hoban et al. 2020a). The inclusion of popula-
tion size as a component of Favorable Conservation Status,
a designation under the EU Habitats Directive (Epstein et al.
2016), suggests that N, > 500 or N, > 5000 can be a feasible
genetic indicator for reporting.

https://academic.oup.com/bioscience
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Second is the number of populations conserved overall.
Preventing population losses can help maintain unique
and locally adapted genetic variants, which will allow spe-
cies greater evolutionary potential for the future. Multiple
efforts documenting population losses (Ceballos et al. 2020,
WWF 2020) globally demonstrate this as a feasible indica-
tor. One Australian State, New South Wales, has also used
this population-based metric to estimate that 9%-21% of
genetic diversity has likely been lost over all species, and an
alarming 51% may have been lost in highly threatened spe-
cies (DPIE 2020).

Third is the number of populations with monitoring
of genetic diversity. Gathering knowledge about genetic
diversity in situ and ex situ can continue to inform conserva-
tion action as it has in hundreds of cases (e.g., identifying
vulnerable or especially valuable populations, optimizing
translocations, resolving species taxonomy, and estimating
connectivity between populations; see Allendorf et al. 2013).

These indicators are SMART (specific, measurable,
achievable, realistic, and timely; see table 2); they represent
pragmatic ways of monitoring genetic change at national and
global scales. They also complement the indicator known
as “comprehensiveness of the conservation of useful wild
plants.” which estimates the amount of a species’ geographic
range in protected areas or conserved ex situ—another vital
measure of genetic diversity conservation (Khoury et al.
2019). As DNA sequencing technology, regional genetic
diversity maps (e.g., Schmidt et al. 2020), and analytical
models continue to improve, these indicators can be com-
pared with and enhanced by genetic data collected in the
future and with other indicators (Hollingsworth et al. 2020,
Lefevre et al. 2020).

Practices, standards, and infrastructure are established to assess
relevant genetic change through more accessible, affordable DNA-
based monitoring. Indicators one and two should be com-
plemented by genetic monitoring; directly analyzing DNA
from individuals and populations within species over time
is the most accurate way to assess genetic diversity status
(figure 3). This is because losses of genetic diversity are
not always apparent. Populations that underwent strong
declines (e.g., because of overhunting) and lost genetic
diversity in the past but recovered in numbers may still
have low genetic diversity today (such as numerous seals;
see Stoffel et al. 2018). This makes such species vulnerable
to environmental change and increasing pathogen pres-
sure, as in musk ox (Hansen et al. 2018). Extreme weather
or other pressures can also reduce genetic diversity even
as census size remains high. After an unprecedented heat
wave in Western Australia, little impact was seen on the
spatial extent and abundance of two seaweed species,
but diversity loss was massive; over half of genetic diver-
sity in one species was lost (Gurgel et al. 2020). These
documented losses highlight that genetic diversity erodes
long before species disappear and suggest that many
systems are highly vulnerable to future extreme events.

September 2021 / Vol. 71 No. 9 « BioScience 967

2202 YoJel\ 1.z uo 1sanb Aq 0/8/29/796/6/1 L/2I191E/30USIOSOIG/L0D"dNO"0ILLISPEOE//:SARY WO.) PAPEOUMOQ



although the choice of appropri-
ate marker system depends on exist-
ing local infrastructure. In any case,
obtaining data on genetic diversity no
longer requires significant infrastruc-
ture or laboratory personnel, although

M- 10

2020
o
Indicators: Ne Pops Genetic Info Ne
@ Ne >500 vs. Ne <500 >500 A v
(@ Proportion of pops <500 B v —
maintained
; <500 c x
(3 No. pops with DNA
based status/trends M13 @ 3ix* 32/3 OX

v

expert guidance on interpreting data
remains essential (and is often lacking;
see the “Guidance and capacity” sec-
tion below). Countries can also work in
partnership with other countries and
international organizations such as the
IUCN, zoo and botanic garden orga-
nizations, and GEO BON (the Group
on Earth Observations Biodiversity
Observation Network).

Genetic data are increasingly FAIR—
or findable, accessible, interoperable,
and reproducible. Laboratory protocols
and data storage formats are increas-
ingly standardized, and data analysis
and modeling is often performed using
open-source code and established work-

? flows (Holderegger et al. 2020). There

° is, of course, room for improvement,
GG and large-scale projects (genome-scale
i i data across many populations of doz-

2030s

Pops Genetic Info

Figure 2. Hypothetical example demonstrating how indicators can be used

to establish baseline and current levels of genetic diversity, and monitor this
into the future to guide management decisions. Indicators 1 and 2 can be
based on genetic data (effective population size [Ne] and genetically defined
populations), or proxies (10% of census size [Nc] or geographic location). The
top bar reminds the reader that Ne is much smaller than Nc and shows that
each organism in the map represents an Ne of 100. *x is the historical baseline

number of populations.

Monitoring genetic diversity directly can help detect this
vulnerability. Although DNA-based monitoring will not
be globally routine for some time, numerous countries
already assess and monitor genetic change directly, in an
increasingly standardized fashion, and are making data
available for global use (Bruford et al. 2017, Posledovich
et al. 2021).

Since the 1980s, geneticists have contributed more
than 2 billion DNA sequences to the searchable database
GenBank (www.ncbi.nlm.nih.gov/genbank/statistics),
and the cost of DNA sequencing continues to decline.
DNA sequencing can now often be outsourced by send-
ing biological samples to companies who efficiently
perform laboratory and bioinformatic procedures (when
sending samples internationally, adherence to legislation
and consideration of access and benefits is necessary).
This approach is becoming highly affordable and rap-
idly replacing older technologies such as microsatellites,

968 BioScience « September 2021 / Vol. 71 No. 9

ens to hundreds of species), such as
the California Conservation Genomics
Project and FORGENIUS, will fur-
ther demonstrate the importance of
documented, standardized workflows.
Metadata standards—for instance, those
based on Darwin Core (Wieczorek
et al. 2012)—applied to data reposito-
ries such as the Genomics Observatory
Metadatabase (GEOME; see also supple-
ment S2) mean that genetic data sets
can be searched, aggregated, filtered, and analyzed across
space and time. Also, the 2011 Joint Data Archiving Policy
mandated publicly available, archived genetic data sets for
numerous major journals (Fairbairn 2011, Whitlock 2011),
whereas numerous groups have created searchable archives
with thousands of DNA data sets, sometimes with environ-
mental or trait data (see supplement S2). These advances can
make genetic monitoring routine, in the way that large data-
bases of species’ occurrence (e.g., the Global Biodiversity
Information Facility, GBIF) help monitor and predict change
in species distributions (figure 3). Geneticists and data sci-
entists can and do use these resources to provide informa-
tion on genetic diversity to policymakers (Hollingsworth
et al. 2020) or identify potential partnerships nationally or
internationally for generating new data. Meanwhile, the
issue of access and benefits of genetic diversity data use are
increasingly recognized, including in the policies of major
journals (Marden et al. 2021).

https://academic.oup.com/bioscience

2202 YoJel\ 1.z uo 1sanb Aq 0/8/29/796/6/1 L/2I191E/30USIOSOIG/L0D"dNO"0ILLISPEOE//:SARY WO.) PAPEOUMOQ



mm [orum

Table 2. The SMART characteristics of three recently proposed indicators for genetic diversity that rely on proxies and

DNA based studies.

Indicator

Index for maintaining genetic
diversity

Index for maintaining
populations and their
adaptations

Index for monitoring
populations’ genetic diversity

Specific—how are indicators
quantitative

Measurable—where does data
exist (including baseline from the
past)

Achievable—what are feasible
actions or policy levers

Relevant—what is the connection
to genetic change and biodiversity
conservation

Time bound—deadlines

Quantifies the number of
populations with N, > 500 versus
N < 500.

10% of census size (N;) is a
reasonable proxy of No. N,
estimates exist for thousands of
populations in the LPI, and RL
assessments. Also, agencies,
NGOs, and museums often hold
data on N, estimates. Scientific
literature also has numerous N
and N, estimates. N, estimates
will increase rapidly as genomic
data becomes widely affordable
and accessible.

Support many large populations
(Ne > 500) and baseline
connectivity among populations.
Action is taken to increase size
or connectivity among populations
above 500.

With small N, rapid genetic
erosion occurs and remaining
diversity is at risk.

Stability by 2030, increasing by

Quantifies the number or
proportion of populations
maintained.

Data on the number of
populations within species

or proportion of populations
remaining is available in

existing databases (LPI, GBIF,
museums, RL assessments, stock
assessments and government
reports).

Protect all populations that
remain now. It is achievable.
Restore populations to baseline
when possible.

Populations often contain
adaptations to local environments.
Maintaining populations maintains
genetic diversity.

Aim for no loss by 2030,

Quantifies the number of
populations with DNA based
status and trends.

Information on genetic status
publications is available on
scholarly databases or Google
Scholar. Information on genetic
data sets is available on data
portals (GenBank, GEOME, Dryad;
see Supplemental S2). Genetic
experts can offer guidance on
suitable data availability.

Invest in research and
knowledge sharing. The number
of populations investigated
genetically is rapidly increasing.

Knowledge of genetic diversity
informs conservation action, and
supports indicators 1 and 2.

Capacity in place by 2030.

2050.

restoration by 2050.

Abbreviations: N, effective population size; LPI, Living Planet Index; RL, Red List.

The diversity of sources of DNA samples, which are required for
genetic monitoring, is also rapidly expanding. Biomaterial col-
lections (e.g., the European Association of Zoos and
Aquariums Biobank, CryoArks, the Millennium Seed
Bank) can provide preserved tissue to analyze genetic
status (including comparing archival with modern popula-
tions or in situ and ex situ populations), helping fill spatial
and temporal gaps in monitoring programs, establish base-
lines for calculating change, and provide reference points
for management. DNA from fossil, museum, herbaria, or
archived specimens can also help document genetic diver-
sity baseline levels (Lord et al. 2020). Also, genetic varia-
tion has been increasingly characterized using hair, feces,
and other noninvasive sources of small amounts of DNA
(Chiou and Bergey 2018). This has made genetic monitor-
ing possible, routine, and affordable for rare, dangerous,
nocturnal, or elusive species. (Environmental DNA from
soil, water, or air is commonly employed for determin-
ing species’ occurrence or counting species but has likely
limitations in monitoring genetic diversity within popula-
tions.) Novel technologies such as handheld sequencers are
starting to allow scientists to collect near-real-time data
in the field (Pomerantz et al. 2018). Institutions are also
collaborating across borders to share samples and data to
document genetic diversity across species with wide geo-
graphic ranges (e.g., trees, wolves, wildcats, bears, raptors).
Together, these endeavors can help monitor and predict

https://academic.oup.com/bioscience

genetic change affordably, in standard fashion, for most
species.

Third set of conditions: Guidance and capacity
Protecting and monitoring genetic diversity at interna-
tional scales requires successful model policies at local and
national scales, evidence of successful interventions, and an
increase in capacity building and networks that can cross
science-policy divides (figure 1).

Conservation policy at regional levels increasingly recognizes and pro-
tects genetic diversity: Providing models for global efforts. Although
CBD Aichi target 13, SDG 2.5 and GSPC target 9 acknowl-
edge and commit to conserving genetic diversity, they are
vague and focus strongly on agricultural and other socioeco-
nomically important species. However, at subglobal scales,
numerous governments, agricultural sectors, and conserva-
tion groups already measure and protect genetic diversity
more explicitly for wild species (Santamaria and Méndez
2012). Such examples demonstrate the will and competency
to develop genetic diversity conservation policy, which
global initiatives can learn from and follow.

The first legal protection of genetic diversity was likely
the US Endangered Species Act (USFWS 1973), which
recognized distinct population segments (genetically or
geographically isolated) as units of protection equivalent
to species. Subsequently, genetic data has frequently been
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Figure 3. Schematic of including genetic data in monitoring and policy, from collecting genetic and nongenetic data, to
sequencing, analysis and archiving, to aggregation and indicator calculation, to policy and implementation of actions.

used in decision-making because of the act’s mandate
to use the best available science (Kelly 2010). Numerous
countries have followed in protecting genetic diversity
(e.g., Canada and Australia). Legal policies based on con-
serving genetic diversity and managing genetic issues are
also common in forestry and fisheries sectors. Hundreds
of forested areas to support genetic conservation are rec-
ognized across Europe (www.euforgen.org). Large-scale
monitoring of genetic diversity of salmonids occurs, such
as monitoring genetic diversity in Baltic Sea salmon by the
Helsinki Commission since 1998 (Laikre et al. 2016) and
required hatchery genetic management plans for monitor-
ing and maintaining genetic diversity in North America
(National Marine Fisheries Service 2005). In addition,
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national guidelines exist for minimum population sizes
for producing genetically viable, appropriate seed for for-
estry restoration (www.euforgen.org). Meanwhile, favor-
able population status under Natura 2000 in Europe, to
secure long-term viability, requires large “effective popula-
tion sizes” (Epstein et al. 2016) and effective gene exchange
among populations. Several nations, including Sweden and
Switzerland, have committed to formal genetic monitor-
ing programs to track genetic diversity change over time
(Black-Samuelsson et al. 2020, KORA Foundation 2020,
Posledovich et al. 2021), whereas Scotland assesses genetic
status and threats in 26 species (Hollingsworth et al. 2020).

The TUCN also increasingly recognizes the importance
of genetic diversity. The designation of Key Biodiversity
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Areas (KBAs), a worldwide system of sites “contribut-
ing significantly to the global persistence of biodiversity,”
includes a genetic distinctiveness criterion (IUCN 2016).
IUCN (2020) mentions genetic exchange as one of the
key objectives of corridors (Hilty et al. 2020). At the 2016
World Conservation Congress, IUCN resolution 104 asked
its member states to recognize, protect, and manage forest
genetic units, whereas the 2020 IUCN resolution 109 calls
for increased integration of genetic diversity into all TIUCN
planning activities, including protected area planning and
natural capital. On the other hand, although the IUCN
Red List, the globally most important species’ assessment
tool, recognizes that the degree of genetic exchange is an
important criterion for delimiting populations, it does not
systematically incorporate genetic concepts or data into its
threat assessment methodology, although proposals have
been made for this (Willoughby et al. 2015, Vitorino et al.
2019, Garner et al. 2020).

Actions based on policies can and do improve the status of genetic
diversity. First, maintaining genetic diversity requires main-
taining populations throughout a species range, not just
in small areas. Australian mammals, for example, show
higher genetic diversity in remnant mainland populations,
even after drastic declines, than in offshore island popula-
tions (Eldridge et al. 2004); each population contributes to
future resilience. Second, populations must also be large
enough to maintain genetic diversity. Maintaining genetic
diversity may require more, larger, and better connected
habitat areas than the area needed for maintaining species
diversity (Struebig et al. 2011). Genetic diversity erodes
long before species become extinct—Tlike trees hollowed out
before they fall. Third, strategic actions such as transloca-
tions can increase genetic diversity or fitness of small, inbred
populations (genetic rescue; Weeks et al. 2011, Whiteley
et al. 2015), for which recent risk-analysis (e.g., outbreed-
ing, disease, invasiveness) and decision-making frameworks
(when to translocate and how much) have become available
(Ralls et al. 2018, Van Rossum and Hardy 2020). Retaining
and restoring genetic connectivity, such as through habitat
corridors, can allow exchange of genetic variants between
populations and slow the loss of diversity. It is possible to
calculate the population sizes, minimum habitat area, or
protected area configuration needed to maintain genetic
diversity (Méndez et al. 2014). Genetic data can provide
crucial knowledge on how landscape structure impedes or
supports gene flow and genetic diversity and informs large
landscape planning. Finally, for many species, ex situ collec-
tions in seed banks, zoos, and botanic gardens help forestall
the loss of genetic diversity and sometimes conserve genetic
variation no longer extant in the wild, although most are
currently not sufficiently large, representative, or replicated
(Khoury et al. 2019, Hoban et al. 2020b, Wei and Jiang 2021).
Genetic data collected before and after any of these actions
can determine whether they have succeeded (also see the
“Looking ahead: Challenges” section below).
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Decades of genetic monitoring in zoo and captive breed-
ing populations have helped to establish genetic methods
and appropriate goals for guiding action. Agronomists have
long sought to conserve more than 95% of genetic diver-
sity within populations in seed banks. In zoos, meanwhile,
pedigree-based management typically aims to retain more
than 90% of genetic diversity over 100 years (Ballou et al.
2010). Zoos and botanic gardens increasingly incorporate
molecular genetic data to carefully select breeding indi-
viduals (Wood et al. 2020), whereas other programs aim to
conserve genetic variation through rapid population size
increase (Wildt et al. 2019). Ideally genetic diversity may
be best conserved via integrated management of wild and
captive populations, informed by genetic data of in situ and
ex situ populations, following the One Plan approach (Byers
et al. 2013, Ogden et al. 2020).

New initiatives connect policymakers to genetic expertise, guidance
and tools, and help obtain and apply genetic data. Intermediaries
between scientists and government agencies are working to
raise awareness of and ability to conserve genetic diversity,
including in cases in which the data are sparse or controver-
sial (see figure 3). Networks housed within the Society for
Conservation Biology, the Group on Earth Observations,
the IUCN, and other groups are assisting in capacity build-
ing and the application of genetic indicators and monitoring
(see supplemental S2, and also see Hoban et al. 2020a). These
organizations have produced policy briefs, white papers, and
webinars on indicators; key concepts in conservation genet-
ics; and genetic technologies (for examples, see supplements
S3 and S4). This work is informed by foundational efforts
that identified legislation for which genetic diversity is rel-
evant (Laikre et al. 2010, Santamaria and Méndez 2012).
Genetic diversity assessment capacity is also emerging
in lower-income, high-biodiversity regions (Torres-Florez
et al. 2018), including through international collaborations
(Blanco et al. 2020). Efforts are also being made to identify
barriers preventing practitioners from using genetic data
(Taylor et al. 2017), synthesize the evidence base to guide
decision-making (Cook and Sgro 2017), determine how
frequently genetic research findings are used by nature man-
agement agencies (Bowman et al. 2016), improve dissemina-
tion and accessibility of genetic findings (Hoban et al. 2013),
and increase the relevance of research to practice and policy
(Taft et al. 2020).

Looking ahead: Challenges
Geneticists and conservationists continue to make progress
in generating genetic data and making it accessible and use-
ful to decision-makers, but several issues remain (figure 1).
One major challenge is that many parts of the world
have scarce capacity to gather and interpret genetic data
(because of a lack of resources, or conflict zones). This
causes genetic knowledge gaps, mirroring gaps in species
observations and biodiversity monitoring broadly, often
in regions of high threats to biodiversity. It is necessary to
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urgently build local assessment and monitoring capacity and
establish international research partnerships (Holderegger
et al. 2020, Marden et al. 2021), while ensuring fair attribu-
tion and adherence to international protocols, including
the Nagoya Protocol on Access and Benefit-Sharing. Efforts
include regional groups of the IUCN Conservation Genetics
Specialist Group in the global south (Africa, South America,
South Asia) and initiatives for education, training, and bio-
diversity monitoring in central Africa (Anthony et al. 2015).
Detailed guidance on using genetic diversity indicators and
other tools in diverse situations is also needed. The G-BiKE
(Genomic Biodiversity Knowledge for Resilient Ecosystems)
network is extending such training and collaboration across
39 countries of Europe, North Africa, and the Middle East
(www.cost.eu/actions/ CA18134).

Although the indicators presented above are comparable
across many kinds of species, another challenge is choosing
which species to actually include in genetic monitoring pro-
grams. Broad issues should first be addressed: Who are the
potential stakeholders? What are the program timeframe,
the costs, and the long-term funding availability? How
will data and samples be stored? What currently available
resources can be leveraged (personnel, etc.)? Is coordination
across national borders feasible? Choosing species involves
numerous additional considerations, including national
values and interests (for more detail, see Laikre et al. 2008,
Posledovich et al. 2021), and we mention three as short
illustrations of the process: the ability to detect change if it
occurs, a representation of species in a region, and techni-
cal feasibility. First, because genetic change happens over
generations, lifespan must be considered; genetic change
will be detected more quickly if the species’ generation
time is moderate (1-5 years, for example). Still, genetic
monitoring can occur for long-lived organisms by sampling
the offspring of successive cohorts (as with tree seedlings).
Second, programs should include diverse taxonomic groups,
life history traits (e.g., size, dispersal ability), ecosystems
or biomes, and degrees of commonness (Laikre et al. 2008,
Bruford et al. 2017). For instance (Hollingsworth et al.
2020) chose species from different groups (fungi, bryophyte,
vascular plant, mollusk, insect, and vertebrates) and value
systems (conservation, cultural value, ecosystem services,
food or medicinal foraging, game species). Chosen species
may include flagship or umbrella species to attract public
and policy attention to genetic diversity. Third, feasibility
is higher for species that are fairly accessible or that leave
remnants (e.g., feathers, scat) and that have some genomic
resources (sequenced genomes or exomes or an SNP chip),
allowing a faster start-up and increasing informativeness
and affordability. We do not advocate particular DNA mark-
ers, because the field is changing rapidly and most of today’s
markers will be compatible with the future of whole genome
sequencing. Species should be chosen in consultation with
managers to ensure that genetic data can address their needs
and to coordinate with existing species and habitat monitor-
ing programs. Finally, these considerations apply whether a
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program is choosing species to monitor with genetic data or
proxies, although if the program uses proxies, species choice
may also consider how much data exists in national or
global occurrence record databases (e.g., GBIFE the European
Forest Genetic Resources Programme, forestry inventories).

Establishing a “baseline” for temporal comparison is
another challenge (Black-Samuelsson et al. 2020), common
to all monitoring. There are unique opportunities with
genetic data, because DNA can be obtained from museum
samples, other archives, seed banks, or herbaria, sometimes
hundreds of years old. Therefore genetic diversity loss over
long time periods can be quantified (Hoban et al. 2014,
Bruford et al. 2017). This historic DNA provides both a direct
window into the genetic diversity levels preceding anthro-
pogenic impacts, as well as knowledge on variability, which
can help define thresholds of change that are cause for alarm.
Still, such samples are relatively scarce, and statistical analysis
of this data remains challenging (Gauthier et al. 2020). To
serve as a resource for the researchers of tomorrow, contem-
porary genetic data, metadata, and DNA samples should be
stored securely and shared globally, and analyses should be
modified as new technologies and knowledge develop.

A final challenge is to better connect monitoring data to
action, especially to determine which actions to take when
particular genetic change thresholds have been crossed. For
instance, in populations showing declining trends in genetic
variation, when should translocations be considered? In
a population showing increasing, detrimental hybridiza-
tion, when should hybrids be culled? There are some clear
warning signals, as well as tools available to help. For most
organisms, populations with an N, lower than 50 are sub-
ject to near-term inbreeding and severe genetic erosion and
are principle candidates for translocations, but a decision
should be made using existing risk assessment frameworks
for outbreeding depression, maladaptations, and disease
(Ralls et al. 2018). A new approach has also been devel-
oped to detect genomic maladaptation, which can identify
populations lacking certain genetic variants needed to help
survive environmental change, such as predicted warming
(Bay et al. 2017, Razgour et al. 2019, Gougherty et al. 2021).
Therefore insight from both neutral and adaptive genetic
data can help prevent the loss of genetic variation (Flanagan
et al. 2018). In addition, simulation models are increasingly
used to make decisions about translocations, acceptable
harvest levels (e.g., fisheries, forestry, hunting), captive
breeding programs, the removal of hybrids, habitat connec-
tivity, or the design of protected areas to safeguard genetic
diversity across many species (van Wyk et al. 2017, Grueber
et al. 2019). Simulations are also useful to predict impacts
of management, after which monitoring can validate and
improve models in the future (Hoban 2014, Wright et al.
2021). The specific thresholds and management actions for
genetic diversity will vary depending on the species and
region (e.g., biological traits, land or seascape structure,
abundance, human influences) and should include risk
assessments.
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Conclusions

In the past, genetic diversity concepts have been considered
complicated, impractical, or inaccessible for policymakers
and genetic data viewed as too expensive and sparse for
global conservation. This led to neglect of genetic diversity
concerns and monitoring (Vernesi et al. 2008, Laikre et al.
2010, 2020, Hoban et al. 2020a). Several challenges must be
overcome, but in general the necessary enabling conditions
are in place for documenting and monitoring genetic diver-
sity, as are the knowledge and indicators for ensuring its con-
servation. The CBD post-2020 framework and other policies
that aim for transformative change must fully acknowledge
the crucial role of genetic diversity for nature and society
and commit to effectively conserve, assess, and monitor it
in selected species that represent all life, not just economi-
cally important species (Diaz et al. 2020, Des Roches et al.
2021). There must be a CBD post-2020 framework with
a clear, measurable, and numerical genetic diversity goal,
of the same standing as species and ecosystems, as well as
associated action targets (Hoban et al. 2020a); inclusion and
implementation of practical genetic diversity indicators in
the CBD and other global biodiversity commitments (e.g.,
IPBES, SDG); and increased establishment and scaling up
of genetic monitoring programs, with those actors having
sufficient resources assisting others.

Genetic diversity should be conserved with the same
urgency as species diversity, to support food security, wellbe-
ing, culture, and adaptation. Strong genetic diversity policy
goals, targets, and indicators are possible, and monitoring
can be linked to action. Researchers and conservation pro-
fessionals must work with policymakers to draft frameworks
protecting Earth’s remaining biodiversity. With bold action,
genetic diversity can be measured, tracked, and maintained
for a resilient future.
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