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INTRODUCTION

In December 2022, the United Nations' Convention of
Biological Diversity (CBD; www.cbd.int) Kunming-
Montreal Global Biodiversity Framework (GBF) was
adopted. The GBF sets the pathway to achieve the
vision of a world living in harmony with nature, with
significant progress by 2030 (CBD, 2022a). The con-
servation of genetic diversity in the GBF is categori-
cally different from previous commitments (Carroll
et al., 2023) and is the first to aim for conserving ge-
netic diversity of all species, not just economically
valuable or domesticated. Until now, the genetic di-
versity of non-economically important species has
been neglected by previous CBD strategies and other
national and global conservation policies (Hoban
et al., 2020; Laikre, 2010; Laikre et al., 2010). This
was largely due to the complexity and expense asso-
ciated with genetic information, communication bar-
riers and lack of indicators to track genetic change to
inform policy (Hoban et al., 2024; Hoban, Bruford,
et al., 2023; Laikre et al., 2020; Taylor et al., 2017,
Vernesi et al., 2008). To address this gap, three genetic
indicators were proposed to monitor different aspects
of genetic diversity, namely (i) maintaining geneti-
cally distinct populations, (ii) populations being large
enough to retain genetic diversity, and (iii) the number
of species with DNA-based monitoring of genetic di-
versity programmes (Hoban et al., 2020). The first two
are based on processes leading to the loss of genetic di-
versity; by focusing on the underlying process, they can
be estimated using both genetic and non-genetic data
(Hoban et al., 2020; Hoban et al., 2024; Hoban, Paz-
Vinas, et al., 2021; Laikre et al., 2020). These two indi-
cators were adopted in the GBF (CBD, 2022a, 2022b),
which means that Parties will use these indicators to
report on their progress over the next decade.

The genetic diversity indicators were developed
using SMART (specific, measurable, achievable, realis-
tic, and timely) criteria (see table 2 in Hoban, Bruford,
et al., 2021) and were designed to be relevant to Goal A
(“The genetic diversity within populations of wild and
domesticated species is maintained, safeguarding their
adaptive potential”) and Target 4 (...“to maintain and

of species have populations too small to maintain genetic diversity. Moreover,
genetic indicator values suggest that IUCN Red List status and other initiatives fail
to assess genetic status, highlighting the critical importance of genetic indicators.

biodiversity indicators, Convention on Biological Diversity, COP15, effective population size,
populations maintained, Red List

restore the genetic diversity within and between popula-
tions of native, wild and domesticated species to main-
tain their adaptive potential, including through in situ
and ex situ conservation and sustainable management
practices,”...) of the GBF (CBD, 2022a). The indicator
that measures whether genetic diversity between popu-
lations is maintained was adopted as a complementary
indicator (CBD, 2022b). It focuses on the loss of genet-
ically distinct (e.g., harbouring genetic variants not
found or rare elsewhere), presumably locally adapted,
populations, and it is estimated as the number of pop-
ulations that currently exist divided by the number of
populations that originally existed (i.e., the proportion
of maintained populations within species; PM indicator
hereafter; see Materials and methods for detailed defini-
tions and baseline time periods). A PM indicator value
of 0 means that all populations within that species and
within a given country have been lost, and a value of 1
means that all populations are maintained (the desired
value). To estimate this indicator, it is necessary to spa-
tially define and count populations, which is noted as
one of the scientific challenges to estimating the indica-
tors (Hoban et al., 2024).

The indicator that measures if genetic diversity is
maintained within populations was adopted as head-
line indicator A.4 (mandatory for countries to report;
CBD, 2022b). It focuses on populations being large
enough to retain genetic diversity, and it is estimated as
the proportion of populations within species in a given
country with an effective population size (Ne) greater
than 500 (Ne 500 indicator hereafter). A Ne 500 indicator
value of 0 means that all populations within a species
have an Ne below 500, and a value of 1 means that all
populations are above 500 (the desired value). This in-
dicator leverages established theory and empirical data
in population genetics: when populations are below ap-
proximately Ne 500, loss of genetic diversity accelerates
(Gilpin & Soulé, 1986; Jamieson & Allendorf, 2012). When
Ne exceeds 500, evolutionary potential is expected to re-
main nearly stable (e.g., a very slow rate of loss) for fitness
traits because there is a dynamic equilibrium between
genetic drift (reducing diversity), mutation (adding diver-
sity), and the efficiency of natural selection on additive
genetic variance (Frankham et al., 2014; Franklin, 1980).
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It should be noted that some have argued for an Ne >1000
threshold (Frankham, 2021). Importantly, in the absence
of genetic data, the Ne of a population can be approxi-
mated using the census population size of mature indi-
viduals (Nc) and a ratio between Ne and Nc. The Ne/Nc¢
ratio varies depending on the species' variance in repro-
ductive success, breeding strategy, sex ratio and other
life history traits (Frankham, 1995; Waples, 2002), so it
can be adjusted by taxonomic group or even by popu-
lation. If the ratio is unknown, a conservative ratio of
0.1 (i.e., Ne being equivalent to 10% of Nc) can be used
(Frankham, 2021; Frankham et al., 2017, Hoban, Paz-
Vinas, et al., 2021; Palstra & Ruzzante, 2008).

Other processes that can affect genetic diversity, such
as undesired gene flow with introduced species, popu-
lations, or genetically modified organisms, inbreeding,
or changes in frequency of selected genes, do require
genetic data to be monitored (O'Brien et al., 2022). For
these situations, a third indicator was proposed (Hoban
et al., 2020; Laikre et al., 2020), which is the number of
species in which genetic diversity has been or is being
monitored using DNA-based methods for at least one
population (DNA-based genetic monitoring indicator
hereafter). This indicator is not included in the CBD
monitoring framework, but countries can voluntarily re-
port it (Pearman et al., 2024).

To assist Parties to the CBD and other stakeholders
in compiling relevant data and quantifying these indica-
tors, we developed a standardized, reproducible and flex-
ible workflow (Hoban, da Silva, et al., 2023). However,
concerns remained over the feasibility of reporting on
these indicators for a large number of species, especially
for biologically rich, developing economy nations where
financial resources for biodiversity conservation and
monitoring are generally more limited and where bio-
logical data (genetic or non-genetic) are perceived to be
less readily available. Furthermore, some methodolog-
ical concerns remained, including the baseline for as-
sessing population extinction, how to delimit population
boundaries, and the feasibility of using different sources
of data to estimate the indicators (Hoban et al., 2024).

In this study, we address these concerns through a
multinational application of the workflow described
in Hoban, da Silva, et al. (2023). We conduct the first
multi-country assessment of genetic diversity status,
with emphasis on the PM and Ne 500 indicators. Nine
countries across six continents, varying in economic sta-
tus and biodiversity richness, were included: Australia,
Belgium, Colombia, France, Japan, Mexico, South
Africa, Sweden and the United States of America. Five
of these countries are megadiverse (Australia, Colombia,
Mexico, South Africa, and the USA; Mittermeier et al.,
2005) and three are developing economy countries
(Colombia, Mexico and South Africa: WorldData.info).
Within each country, teams of researchers and conser-
vation practitioners from academia, government insti-
tutions and non-governmental organizations undertook

the assessments. Our specific objectives were to (i) quan-
tify data availability across countries, taxonomic groups
and indicators; (ii) assess whether methods for defining
populations influence indicator values; (iii) quantify the
distribution of indicator values across taxonomic groups
and conservation threat status; and (iv) provide guidance
to facilitate the calculation and uptake of the genetic di-
versity indicators at a global scale.

MATERIALS AND METHODS

The study design and methods were developed collabora-
tively among co-authors in an iterative manner. This re-
sulted in the production of a project guidance document
to help harmonize the project methods and ensure all
project participants understood the principles and aims;
and a standardized set of questions needed to calculate
the indicators. A questionnaire was then developed using
KoboToolBox (https:/www.kobotoolbox.org/; a free and
open-source tool for data collection and management)
and used by participants to conduct their assessments
(see Supporting Information S1). The resulting dataset
was then downloaded as a.csv file and processed in R v.
4.2.1 using custom functions and a processing pipeline
specifically developed for this study for quality check-
ing, indicator calculation and subsequent analyses. All
resources (questionnaire, pipeline and R code) used for
this study are available from https:/github.com/Alici
aMstt/GeneticIndicators.

Species selection, alternative assessment of data
sources, and data availability

Each country team aimed to assess 50-100 species,
subspecies or similar (hereafter referred to as taxa)
that represented different taxonomic groups, ecosys-
tems, distributional range sizes (i.e., range-restricted
or wide-ranging), conservation status and life history
traits. As a means of quality control and to minimize
assessor bias, each team incorporated some degree
of multi-person calibration by reviewing a portion of
the assessments. Alternatively, some teams adopted a
multi-person approach for some taxa. While all coun-
tries followed the same principles and answered the
same questions, discretion was given in the specific
approach used in selecting taxa and country-relevant
data sources (Table S1). For each taxon, metadata were
recorded, including taxonomic group, ecosystem type
(freshwater, marine, terrestrial), habitat type, range
type (widespread, restricted), rarity, endemism, Global
Red List category and several life history traits (fecun-
dity, reproductive strategy, age at maturity, maximum
or median lifespan).

In cases of variation in the number of populations
or population sizes within a given taxon (either due to


http://worlddata.info
https://www.kobotoolbox.org/
https://github.com/AliciaMstt/GeneticIndicators
https://github.com/AliciaMstt/GeneticIndicators

40f 19 |

EVALUATION OF GENETIC DIVERSITY INDICATORS

uncertainties in the method used to define populations
or differences in different data sources), more than one
assessment was submitted for some taxa, referred to here
as “alternative assessments”.

For each country, the number and type of species as-
sessed, the methods used to define populations within
each, and the availability of population-level data (Ne or
Nc) was explored. For species with population data, in-
dicator values were then calculated. The indicator values
from each taxon's alternative assessments were averaged,
and a single value for each indicator was recorded. This
method was chosen for standardization and simplicity;
however, there may be other ways of utilizing and report-
ing alternative assessments.

Defining extinct and extant populations

To calculate the PM indicator, data on the number of ex-
tant (still in existence) and extinct populations is needed,
thus needing a reference baseline time period. The moni-
toring framework of the GBF recommends Parties “use
the period from 2011 to 2020, where data is available,
as the reference period, unless otherwise indicated, for
reporting and monitoring progress” (paragraph 2 of
CBD, 2022b). However, the framework also notes that
“baselines, conditions and periods used to express de-
sirable states or levels of ambition in goals and targets
should, where relevant, take into account historical
trends”. For this reason, we explored population extinc-
tion, considering a baseline period before the industrial
era. Since the exact period representing this varies by
country and may depend on the species and data availa-
bility, we suggested using a relatively broad baseline time
period of 50-200years ago for data retrieval and allow-
ing for more specific baselines to be defined by countries.
The origin of the population (e.g., natural, introduced;
see Table S2) was considered, acknowledging that it is
challenging to define populations when re-introductions
or translocations have been done. Fragmentation of a
once widespread range can also present challenges for
defining the current and historic number of populations.
For the Ne 500 indicator, population size data focused on
the most recent available data per population. Because
the data on the number of populations and their size may
have been captured at different time points, the year(s)
these data are associated with were recorded separately.

A checklist of six different methods typically used
to define populations (a similar categorization is used
by the IUCN Green Status for defining spatial units
or populations: TUCN, 2020), plus an option to include
additional approaches, was used: (1) Genetic clusters/
clades, (2) Geographic boundaries, (3) Ecological or
Biogeographic proxies, (4) Traits (e.g., behavioural, mor-
phological, physiological), (5) Management Units, (6)
Dispersal Buffers, and (7) Other (see Table S2 for defini-
tions of each). Participants could select all methods that

applied to each taxon and were required to accompany
this with a brief narrative explaining how populations
were defined.

Estimating the PM indicator

For species where the number of extinct and extant pop-
ulations could be defined, the proportion of the number
of maintained populations (currently present; extant)
against the total number of known populations (sum of
extant and extinct) was determined (i.e., PM indicator).
For species where the number of extinct populations was
classified as unknown, the PM indicator was not calcu-
lated. All subsequent analyses involving this indicator
were conducted on this reduced dataset.

Estimating the Ne >500 indicator

Population size data were provided as Nc point esti-
mates (i.e., count data), as semi-qualitative measures or
asarange (e.g., “1000-20007, “<5000 by much”), or as Ne
estimated from genetic data. For species with census or
Ne data for at least one population, the Ne 500 indicator
was calculated as a proportion of the number of popu-
lations with Ne>500 against the total number of extant
populations for a species. When population sizes were
known for some but not all populations, only popula-
tions with Ne or Nc data were considered in calculating
the indicator.

For Nc data provided as a semi-qualitative measure
or as a range, generalized Nc values were assigned to
facilitate the computation of Ne, and hence the Ne 500
indicator. Populations noted as having slightly more
than 5000 individuals were allocated a census size of
5500. This value is 10% above the minimum Ne thresh-
old (i.e., Ne 500; Nc 5000, assuming a 0.1 Ne/Nc ratio).
Populations classified as being substantially larger than
5000 individuals were assigned a value of 10,000 (double
the minimum threshold). For populations estimated to
have a census size of just under 5000, a value of 4500 was
assigned, being 10% below the minimum threshold; and
populations with considerably fewer than 5000 individu-
als were given a value of 500, by similar logic, indicating
their increased risk of losing genetic diversity in the short
term (corresponding to Ne=>50).

When Ne data were lacking but Nc data were avail-
able, a Ne/Nc conversion ratio of 0.1 was applied to
roughly estimate contemporary Ne from Nc. While some
species have been documented as having higher or lower
conversion ratios, 0.1 has been found to be a conserva-
tive minimum threshold covering 95% of plants and 77%
of animal species, indicating its applicability for most
species (Frankham, 2021; Frankham et al., 2017; Hoban,
Paz-Vinas, et al., 2021; Palstra & Ruzzante, 2008). For
species with a known conversion ratio, this alternative



MASTRETTA-YANES ET AL.

| 50f19

ratio was also applied to estimate Ne, and the results
were compared.

Number of species being monitored using
DNA-based methods

For each country, the third proposed genetic indica-
tor (number of species being monitored using DNA-
based methods: Hoban, Bruford, et al., 2021; Hoban
et al., 2020; Laikre et al., 2020) was quantified. This is
a count of the number of species for which DNA-based
studies for at least one population are conducted, using
data from two or more time periods (or planning to do
so, with a dedicated budget) to investigate changes in the
genetic diversity of species' populations.

Testing alternatives to the Ne/Nc 0.1 ratio

The Ne/Nc ratio of 0.1 has been recommended as a prag-
matic rule of thumb that will work for most species, al-
though median Ne/Nc values for some taxa are closer to
0.2. To explore the extent to which results depend on the
use of the 0.1 Ne/Nc ratio, Ne was recalculated, assum-
ing other Ne/Nc ratios (0.2 and 0.3) for the taxa where Nc
point estimates were available.

Effect of method on defining populations and on
indicator values

Considering the varied methods employed by each
country to define populations and the expectation that
wide-ranging species are likely to have more populations
than species with narrow ranges, we assessed the impact
of method and range type on the number of popula-
tions identified and on indicator values, using random
intercepts to control for variation among countries.
Specifically, generalized linear mixed models (glmer)
and generalized linear mixed models via template model
builder (glmmTMB) were conducted using the pack-
ages Ime4 v. 1.1-31 (Bates et al., 2015) and glmmTMB v.
1.1.7 (Brooks et al., 2017). Details of each model and the
code line used to run them are available in Supporting
Information S3, Tables S6-S20.

In all of our analyses, we controlled for variation
among countries in the mean value of our response vari-
ables (either number of populations or indicator values),
as these are likely to vary in important ways due to the
choice of taxa targeted.

Quantifying national indicator values

To illustrate how national indicator values can be ob-
tained, for each of the indicators, we first averaged all

available taxa within a given taxonomic group (simple
equation [Equation 1] in Hoban, da Silva, et al., 2023)
and then averaged these values, providing equal weight
among taxonomic groups to the national level indicator
(Equation 3 in Hoban, da Silva, et al., 2023). This latter
equation accounts for the possible unequal representa-
tion of taxonomic groups (see Supporting Information Sl
for an example).

RESULTS

Species selection, alternative assessment of data
sources, and data availability

Discretion was given to country teams in the specific ap-
proach used for selecting taxa. For example, the Japanese
and Colombian teams predominantly focused on a sin-
gle taxonomic group (plants and birds, respectively;
Figure la) to examine if they could leverage on-going
monitoring projects, their most up-to-date curated data
and informatics pipelines to estimate the genetic diver-
sity indicators. Three general levels of data availability
were observed across all countries: (i) data are stored in
a centralized database, with little to no knowledge gaps;
(i1) data are not stored in a centralized database but are
available from various resources with some knowledge
gaps; or (iii) little to no data are available. On average,
a single taxon assessment took 3+1.7h to complete for
most taxa (including time to find data). Relatively ‘easy’
taxa (i.e., where information was readily available and
where populations were well defined geographically)
took on average 2+1.4h to complete, while more diffi-
cult taxa took approximately 5.5+3h.

A total of 966 assessments spanning over 11 taxonomic
groups (animals: amphibians, reptiles, birds, mammals,
fish, invertebrates; plants: angiosperms, gymnosperms,
bryophtyes, pteridophytes; fungi), representing 919
taxa (50 to 160 taxa assessed per country: Figures 1 and
Figure Sla), identified 5652 populations (5271 after ad-
dressing alternative assessments, see below), with a mean
of 628+ 590 populations by country. The discrepancy be-
tween the number of assessments and their populations
comes from 44 taxa that had alternative assessments
conducted (91 in total; Figures Slb and S2). These al-
ternative assessments stemmed from different sources
of information reporting different values. For example,
multiple assessments from the USA are the result of dif-
ferent analytical scales generally being applied in Species
Status Assessments under the Endangered Species Act
— “analytical or resiliency units” (AUs) and “adaptive or
representation units”, which are at a broader scale than
AUs (e.g., representing ecoregions). Accordingly, alter-
native assessments for a single taxon were submitted to
ensure that all data were considered and uncertainty
incorporated (Figure S2). Alternative assessments per
taxon ranged from 2 to 4, with a mode of 2.



6of 19

EVALUATION OF GENETIC DIVERSITY INDICATORS

(a)

170
72
148
139
240
5
19
14

N=63
N=
N=
N=
N=
N=
N=!
N=3

- i pteridophytes N

- —sm» fungus
[ g other

- o angiosperm N
- mgymnosperm N

- == invertebrate

. 1 mammal

- —=bryophyte

-~ reptile

c
&
2
s

£ 2

o QO

o

~ >4 fish

Australia -
Belgium -
Colombia -

France -

Japan -
Mexico -
South Africa -

Sweden -

USA-
(b) Australia -
Belgium -
Colombia -
France -
Japan -
Mexico -
South Africa -
Sweden -
USA -
50 100 150
Number of taxa

(©)  Australia-
Colombia -
France -
Japan -
Mexico -
South Africa -

Sweden -

USA -

50 100 150
Number of taxa
(d)

Australia -
Belgium -
Colombia -
France -
Japan -
Mexico -
South Africa -
Sweden -

USA -

25%  50%  75%
Percentage of populations

0%

Overall, 83% of taxa and assessments (765/919 and
802/966, respectively) had data to report on at least one of
the two indicators (Figure 1b,c, Table S5). Approximately
57% of assessments (550/966) had data to report on the
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PM indicator (Figure 1b, Table S5). We found that vari-
ation in data availability is not attributable to taxo-
nomic groups or the method used to define populations
(Figure S3). Importantly, assessments from Sweden and
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FIGURE 1

Taxa assessed and data availability by country. (a) A heat map showing the number of species or subspecies (taxa) assessed for

a given taxonomic group within each country, counting taxa with alternative assessments once. (b) Total number of taxa with and without data
on the number of extinct populations within a taxon, as needed for the PM indicator. Alternative assessments of a given taxon were counted
separately. (c) Availability of population size data as needed for the Ne 500 indicator. Data were considered available if effective population size
(Ne) or census population size (Nc) data was present for at least one population of a taxon (green bars), for the taxon as a whole (“species or
subspecies level”; blue bars). Taxa without any Ne or Nc data were classified as having “insufficient data” (grey bars). Alternative assessments
of the same taxon were counted separately. (d) Proportion of populations within each country with data on population size. The Nc ratio
(point) represents count estimates or point approximate values (e.g., capture-recapture study found 3120 individuals). “Nc ratio (range or
qualitative)” is more generic estimates of census size, either represented by quantitative ranges or qualitative descriptions of population size

(e.g., “a few hundreds”, “>5000 by much”).

Japan focused on available data, and therefore, if no
explicit evidence of population extinction was found,
they assumed no population loss (Figure 1b). For the Ne
500 indicator, 613 assessments (~63%) had population
size data (Nc or Ne) for at least one population within
a species (Table S5; Figure S4), while 130 assessments
(13%) only had census size data for the taxon as a whole
(Figure Ic). While census size for an entire taxon within
a country was not used in this study, the information
was recorded as it could prove valuable. For example,
if a census size of less than 5000 individuals is reported
for a species, it can be inferred that each of its popula-
tions falls below the Ne 500 threshold. Additionally, the
size might actually be based on aggregated data from
individual populations that could not be located during
the course of this study. Further efforts could then be
made to disaggregate the data. Population size data were
more commonly available for some taxonomic groups
than others. For example, angiosperms, mammals and
birds had more data available compared to invertebrates
(Figure S5).

Census data made up the vast majority of population
size information used to quantify Ne (22% and 53% of
4240 populations assessed for point and for range or
semi-qualitative estimates, respectively; Table S5). In
contrast, only 6% of populations within species had Ne
estimates that were based on genetic data (349/5652 pop-
ulations assessed; Figure 1d, Table S5).

Defining extinct and extant populations

Populations were defined using a variety of methods
across taxonomic groups for all nine countries (Figures 2
and 3a). Because of this, and realizing species range size
could affect the number of populations identified and the
associated indicator values, we assessed the interactions
of these variables while controlling for variation among
countries (see Supporting Information S3, Tables S6—
S20). Wide-ranging taxa were found to have significantly
more populations than range-restricted taxa when
controlling for the method used to define populations
(Supporting Information S3, Figure S6 and Tables S6—
S8). Of the methods used to define populations, “genetic
clusters” tended to identify a smaller number of popula-
tions that encompassed larger geographical areas com-
pared to all other methods (Figure S6, Table S6).

Effect of the method on defining populations and
on indicator values

Taxa where the “genetic clusters” method was used to
define populations (either alone or in combination with
other methods) had a significantly higher PM indica-
tor value compared to when other methods were used
(p=0.039; Figure 3b, Table S9). After controlling for spe-
cies range, the method used to define populations was
no longer a statistically significant predictor of the PM
indicator (Figure 3d,e, Table S14).

Like the PM indicator, taxa where the “genetic clus-
ters” method was used to define populations (either
alone or in combination with other methods) had a sig-
nificantly higher Ne 500 indicator value compared to
when this method was not used (p=0.028; Figure 3c,
Table S15). However, in contrast to the PM indicator, the
“genetic clusters” method still produced higher values
for the Ne 500 indicator even after controlling for species
range (Table S20). No other consistent relationships be-
tween methods and indicator values were found.

Estimating the PM indicator

Globally, we found that 41% of taxa (n=211/518) for which
we could estimate the PM indicator have lost at least 1
out of every 10 of their populations (PM indicator <0.9)
during the timescale of the study (e.g., last 50-200years)
and 3% (n=15/518) have lost 3 out of 4 or more popula-
tions (PM indicator <0.25; Figure 4a.,b).

Estimating the Ne 500 indicator

Of the 4589 populations assessed with Ne data (either
through proxies [Nc point or range estimates] or actual
measures of Ne), 84% were below the Ne 500 threshold.
Of the taxa with Ne data, 58% (n=330/568) had all of
their populations below the threshold (Ne 500 indica-
tor=0; Figure 4d), and less than 19% (n=106) had all of
their populations above Ne 500 (Ne 500 indicator=1;
Figure 4d). Similar trends for both PM and Ne 500 indi-
cators were found for all taxonomic groups (Figure 4a,c).
The values of both indicators (from 0 to 1) are heteroge-
neously distributed across seven of the [TUCN Red List
categories reported in this study, from Least Concern to
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FIGURE 2 Alluvial plot illustrating the various methods used to define populations for each participating country and taxonomic group.
Each method is assigned a unique colour (centre), and every species or subspecies (i.e., taxa) assessed is represented by a single (thin) line.
Starting from the centre (method), each line (taxa) can be followed to the left to show its assessment country, and to the right to indicate its
taxonomic group. Therefore, the height of any given category (country, method, taxonomic group) is indicative of the number of taxa falling
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group. For example, ‘geographic boundaries’ was the most used method for defining populations and was employed by all but one country and
used in all taxonomic groups. Also, some taxonomic groups were assessed by a diversity of methods, like reptiles, while others were dominated

by a certain method, like geographic boundaries in birds.

Critically Endangered (Figure 5). No particular Red List
category had only very high or very low values. For ex-
ample, indicator values at or near 0 were not confined to
Endangered taxa, but were also found in Least Concern
taxa (Tables S21 and S22).

Number of species being monitored using
DNA-based methods

The genetic monitoring indicator was reported by eight of
the nine countries in this study, with 5-20 species currently
being monitored genetically by those countries (Figure 6b).

Testing alternatives to the Ne/Nc 0.1 ratio

For the 12 species with a known Ne/ Nc ratio, indicator
values did not change compared to when the 0.1 ratio was

used, except for one species, Synercus caffer caffer (Cape
Buffalo), where the 0.1 ratio overestimated the propor-
tion of populations below Ne 500 (Table S23). For the 197
assessments and 1303 populations with an Nc point esti-
mate where Ne was recalculated assuming less conserva-
tive Ne/Nc ratios (0.2 and 0.3; Figure S8), the distribution
of indicator values shows only small changes. Thus, the
main conclusion that most species have an Ne 500 in-
dicator value of 0 and the large majority have indicator
values below 0.5 holds (Figure S8).

Quantifying national indicator values

Overall, the aggregated indicator values suggest that
for most of the participating countries, the majority of
taxa have not lost many populations (PM >0.90; less than
10% loss); however, a large percentage of the populations
remaining are too small to maintain genetic diversity
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FIGURE 3 Aggregated results across all nine countries examining associations between the methods used to define populations, the
number of populations maintained for any given taxon, and the indicator values within a taxon. (a) Boxplot showing the spread in the number
of extant populations for each method applied; (b, c) Boxplots showing the range in indicator values across each of the methods applied, for
the PM and Ne >500 indicator, respectively; and (d, e) Violin plots showing the range in indicator values across species range types, for the PM
and Ne >500 indicator, respectively. In all plots, each dot represents the indicator value for a single assessment. Red dots highlight taxa where
genetic methods, alone or in combination with others, were used to define populations. n, sample size, is shown to the left of each plot. Outliers
with more than 500 populations were removed from these plots and statistical analyses.

(Ne 500 for all countries <0.42; Figure 6B). Moreover,
the majority of countries were found to conduct tem-
poral genetic monitoring studies on at least a few taxa
(Figure 6). While the numbers reported are seemingly
low, all countries are conducting other genetic types of
studies (Figure S9). All of these indicator values can be
disaggregated by taxonomic group, as illustrated by the
South African example (Figure 6¢), to investigate which
groups are influencing these values and need more ur-
gent attention.

DISCUSSION

Data are available and it is feasible to report on
the genetic diversity indicators

In less than a year, we assessed the conservation sta-
tus of genetic diversity in 919 taxa from nine coun-
tries, finding data to report on either the PM or Ne
500 indicator in 83% of taxa (Figure 1b,c). This dem-
onstrates that data are available and that it is feasi-

ble to report on the genetic diversity indicators of the
adopted GBF.

For the PM indicator, we found that country taxa
selection and the exact baseline time period determine
whether the number of extinct populations is available
and, consequently, the number of taxa for which this
indicator could be calculated. The baseline period to
measure biodiversity loss has been the subject of in-
tense debate because baselines represent technical and
political decisions that can have a profound influence
on outcomes and perceived responsibility (Donadio
Linares, 2022). It has been shown that scientific efforts
are best suited to assess biodiversity loss using baselines
as distant as possible, especially considering the periods
when drastic environmental changes started in each re-
gion (Donadio Linares, 2022). Based on our data avail-
ability findings, countries may struggle to report the PM
indicator when considering more historical periods with-
out significant effort. Meanwhile, evaluating the PM in-
dicator using recent data could greatly help to establish a
current baseline to prevent further genetic diversity loss
through population extinctions.

Regarding data availability for the Ne 500 indicator,
we found that relatively few populations have Ne esti-
mated from genetic data. While this is unsurprising, we
were still able to estimate Ne for 4240 populations using
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FIGURE 4 Aggregated results across all nine countries show the indicator values across taxonomic groups. The spread in indicator values
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each taxonomic group provided.

Nc data and a Ne/Nc ratio of 0.1, an acceptable proxy
when the ratio is unknown (see Table S23). To put these
numbers into perspective, a recent review of genetic
studies measuring Ne found that 712 papers published
between 2006 and 2020 estimated Ne in around 3500 pop-
ulations (Clarke et al., 2024). In other words, our proxy-
based assessment, which was completed in less than one
year, obtained more estimates of Ne than a decade of
hundreds of DNA-based studies. We acknowledge that
Ne quantified using genetic data may, in some cases,
be more accurate than that estimated using proxy data,
and that genetic data is crucial for assessing the effect of
genomic erosion (e.g., Femerling et al., 2023). However,
using proxies, we have shown that estimates of Ne can
be obtained in a rapid and efficient manner, which can
enable the tracking and reporting of genetic information
on large scales in all countries. Further work examin-
ing the relationship between proxy and DNA-based data
will help refine the indicator. We therefore emphasize
that both DNA-based and proxy data are important
and useful for genetic conservation action and should be
used to complement one another. We also note that Ne or
Nc data, when available for a taxon, was sometimes not

available for all populations. An indicator based on only
some populations of a species is an imperfect summary,
though it is hard to determine whether this could create
a significant systematic bias in the data.

An important feature of our dataset is that it includes
range or semi-qualitative Nc data. This not only in-
creases data availability but also allows local knowledge
holders, including indigenous peoples and local com-
munities, to contribute to these assessments. As one of
many examples, the Nc range data for several Mexican
plants were obtained by consulting with park rangers,
botanists or citizen scientists who are active at the local
level. Such population size estimates may not be quanti-
tative enough for conventional ecological and evolution-
ary analyses, but they may be sufficient to ascertain if
a population is above or below Ne 500. Moreover, be-
cause these estimates are at the population level (i.e., in-
dividual populations that locals know well), they may be
more robust than size estimates encompassing an entire
species' range, which typically entail greater inherent
uncertainty and assumptions (Jedrzejewski et al., 2018;
Wilson et al., 2011). Additionally, incorporating local
knowledge into the genetic indicators assessments may
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indicator values for South Africa broken down by taxonomic group.

help strengthen community-based conservation efforts
by highlighting the value of local action. For example,
Nc data from one of the two remaining populations of
Xenospiza baileyi, an endangered bird from Mexico,
comes from participatory monitoring run by “Brigada de
Monitoreo Bioldgico Milpa Alta”, a local community or-
ganization of San Pablo Oztotepec (Hoban et al., 2024).
Our findings also show that a variety of methods can
be used to practically delineate populations; however,
species range type should be considered when interpret-
ing the results. This is because populations spanning
larger geographic areas tend to have more individuals
compared to populations occupying smaller areas. This
had a minor effect on the Ne 500 indicator value when the
“genetic clusters” method was used due to this method
sometimes identifying larger geographic areas as a single
population. The fewer populations identified may stem
from influences such as recent human-induced fragmen-
tation (hence may not be detectable genetically) and our
use of diverse approaches to identify populations, which
could result in an overestimation of distinct populations
compared to those identified based on genetic data. A
potential solution to improve the representation of ge-
netic diversity in widely distributed taxa when no genetic
evidence is available is to account for uncertainty by de-
fining populations with different methods, such as occur-
rence over different life zones (e.g., Khoury et al., 2019;
Tobon-Niedfeldt et al., 2022), and subsequently calculat-
ing averages or displaying confidence intervals. In prac-
tice, countries will need to document the chosen method

transparently so that the same approach can be applied
when re-evaluating the taxa over time. Initiating moni-
toring programmes now could enable countries to detect
future changes in population structure. We also note that
assessments of genetic clusters should consider whether
genetic differences are due to recent bottleneck effects,
which can make small populations appear genetically
distinct (Clarke et al., 2024; Liddell et al., 2021; Weeks
et al., 2016).

The genetic diversity indicators reveal a loss of
diversity otherwise unnoticed

This first multinational assessment of genetic diversity
indicators has shown that 41% of the assessed taxa have
lost at least one-tenth of their populations and that in
58% of taxa, all populations are too small to sustain
genetic diversity (Figure 4). These aspects of genetic
diversity loss may go unnoticed under other species-
level assessment criteria (e.g., endangered species lists
or [TUCN Red Lists; Figure 5); we found numerous taxa
with Least Concern or Near Threatened Red List status
but low genetic indicator values.

With each extinct population, unique genetic di-
versity may have disappeared, so even if the species is
re-introduced to an area at a later stage, the genetic
diversity of the species would likely not be fully recov-
ered. Loss of populations can also affect the biotic in-
teractions within ecosystems, which can have profound
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cascading consequences ranging from co-extinctions
to the loss of ecosystem services (Young et al., 2016).
Early estimates suggested that population loss in trop-
ical forests could occur 3-8 orders of magnitude more
rapidly than species loss (Hughes et al., 1997), and yet
this loss of diversity is seldom reported. The PM indi-
cator allows tracking of these losses and can inform
corrective and preventative actions. Our results are
less severe than the range losses reported by Ceballos
et al. (2017), which found that all 177 mammals exam-
ined had lost at least 30% of their range size, though the
authors acknowledge that most of their species were
medium- to large-sized. However, we found that 53% of
taxa (n=277/518) still maintain all of their populations
(PM indicator=1; Figure 4b), suggesting that many
species may retain a substantial amount of range-wide
adaptive capacity for now, though much genetic diver-
sity within populations has been lost (as noted below).
However, note that the number of extinct populations
(Figure 1b) was unknown for 43% of taxa, which means
that we could be underestimating population loss, es-
pecially when considering older time baseline periods.
Also, note that the PM indicator complements other
metrics of species' decline, such as changes in the area
of occupancy.

Although the findings of the PM indicator suggest
population stability for some taxa, the Ne 500 indicator
shows that the vast majority of populations analysed are
below a threshold for maintaining genetic diversity and
may have already lost substantial diversity (Ne thresh-
0ld=500; Figure 4c,d). Importantly, even in wide-ranging
taxa, the Ne 500 indicator is skewed towards lower val-
ues (Figure 3e). This is worrisome because wide-ranging
species are thought to be of less conservation concern
(Staude et al., 2020). For instance, the maize wild relative
Zea mays ssp. parviglumis was listed as Least Concern
on the IUCN Red List; however, there are populations
of high concern within it (Rivera-Rodriguez et al., 2023).

While Ne 500 does not signal the immediate decline
of a species' genetic health, it is the point at which ge-
netic erosion starts to accelerate and adaptive capacity
declines (Crow & Kimura, 1970; Frankham et al., 2014;
Jamieson & Allendorf, 2012), and hence the point at
which management intervention could prevent any
further loss of genetic diversity. A more consequential
threshold occurs at a lower Ne (e.g., 100 or 50), where
inbreeding becomes pronounced in the short term (with
associated risk of inbreeding depression and extinction;
Frankham et al., 2014; Franklin, 1980). Of the 1615 popu-
lations with Ne, or point estimates of Nc (Table S5), 57%
had Ne <50, which indicates most of the populations
had substantially low genetic diversity levels. Despite
these consequential findings, we acknowledge that some
taxa and their associated populations may have sur-
vived in small populations without significantly com-
promising their genetic health (e.g., through the purging
or limited accumulation of deleterious alleles), such as

the Ethiopian wolves Canis simensis (Mooney., 2018).
However, to date, these cases are few, and small pop-
ulations typically remain at higher risk of extinction
due to stochastic processes and catastrophes (Kardos
et al., 2023; Lande, 1993) or struggle to increase in size
due to inbreeding depression (Kardos et al., 2023).

Considering that the success of species conservation
depends on local decisions affecting each population
(Collen et al., 2011; Ehrlich & Daily, 1993), the genetic di-
versity indicators are not only useful to report on the ge-
netic status of species, but may also be able to help inform
and prioritize action and policy for populations, spe-
cies or even geographic regions with high conservation
needs. For instance, genetic data are helping inform cur-
rent and future management of the numbat Myrmecobius
fasciatus (a small Australian marsupial) across remnant
and translocation sites (Northover et al., 2023).

Towards addressing genetic diversity
conservation at a global scale

Our results show it is feasible and affordable to estimate
the GBF genetic indicators for varied countries, for a
wide range of taxonomic groups and using existing data.
Our dataset does not necessarily represent what the par-
ticipating countries will report in their National Reports
to the CBD. Instead, it illustrates the practical scale of
effort needed for such reporting. The collaborative ex-
periences and insights obtained throughout this project
can be useful to other nations for integrating genetic
diversity into their national reporting and policies (e.g.,
National Reports and National Biodiversity Strategy
and Action Plans) and can hopefully inspire and facili-
tate further collaborative processes across stakeholder
groups, which have been shown to effectively expedite
and support species conservation (Lees et al., 2021).
CBD Parties have asked what species should be in-
cluded to assess the indicators at the country level and
how long the assessments take (Hoban et al., 2024).
Here, we have shown that it is indeed feasible to as-
sess more than 100 species per country that reflect
diverse ecosystems, taxonomic groups, range types
and life history traits in a fairly short period of time.
While national metrics were calculated for each of the
nine countries, these values are based on the species
chosen for this study. For official CBD reporting, the
species selected by countries could focus on genetic di-
versity monitoring (Hvilsom et al., 2022) or be a subset
of other lists that countries already use for monitoring
or conservation priority-setting. Some bias in species
selection is expected and may be acceptable as long as
countries clearly document the rationale behind their
selection. Concerns about bias should not prevent ini-
tial assessments of the indicators since the first effort
helps a country set up the infrastructure and methods
of data gathering and analysis. Parties can summarize
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the indicators at an overall national level or aggregate
them according to taxonomic group, ecosystem type
or conservation status (as demonstrated in Figure 6).
Although we did not include domesticated species (we
did include crop wild relatives, managed, and semi-
domesticated species), the indicators are also applica-
ble to domesticated taxa and breeds, so they could be
used by countries to evaluate the loss of breeds and the
sufficient Ne of breeds. We have shown that assessing
non-threatened species is critical because these indica-
tors could reveal genetic diversity loss that might oth-
erwise go unnoticed. We note that genetic indicators
could be used for other purposes, such as delimiting
Key Biodiversity Areas, within-country species priori-
tization, tracking changes after management interven-
tions (as noted by Hoban et al., 2024) or to be included
in IUCN's Green Status by informing and increasing
the sensitivity of the Species Recovery Score.

Importantly, although the PM indicator was adopted
as a complementary (non-mandatory) indicator, we en-
courage Parties to report this indicator jointly with the
Ne 500 indicator. In order for Goal A and Target 4 to be
fully achieved with respect to genetic diversity — main-
tain and restore the genetic diversity within and between
populations [...] to maintain their adaptive potential
— it is required that both Ne 500 and PM indicators be
reported. If the Ne 500 indicator is used alone, it must
be adjusted to incorporate local population loss (see
detailed discussion at Hoban et al., 2024). The Ne 500
indicator is estimated at the population level, which im-
plicitly involves population delimitation. Therefore, the
effort to estimate the PM indicator when data is avail-
able for estimating the Ne 500 would involve minimal
additional work.

The fact that genetic studies are not needed to esti-
mate these indicators does not mean genetic data are
not needed or desired. Both are complementary to each
other (see discussion in Hoban et al., 2024). The PM and
Ne 500 indicators can point countries towards which
species or populations need genetic examination, ei-
ther because census data shows they are too small and
hence genetic studies are needed to guide management
(e.g., identifying which individuals should be used in
breeding programmes or translocations) or because
other processes not covered by the PM and Ne 500 in-
dicators may be affecting the genetic diversity of these
populations (e.g., gene flow between crops, crop wild
relatives and genetically modified organisms, Wegier
et al.,, 2011). Consequently, genetic studies will remain
an important source of information and are critical to
the management of species. For this reason, we also
recommend reporting on the DNA-based genetic mon-
itoring indicator (Hoban et al., 2020; Hoban, Bruford,
et al., 2021; Hoban, da Silva, et al., 2023), as was done
here (Figure 6b). While this indicator is not currently
listed among the complementary and component indi-
cators in the global monitoring framework, it is useful

to track the efforts being undertaken by countries to
use DNA-based methods to monitor genetic diversity,
as it can help inform adaptive species management and
conservation policy (Posledovich et al., 2021; Schwartz
et al., 2007). In Mexico, for example, genetic moni-
toring focuses on crop wild relatives where gene flow
with genetically modified organisms and improved
varieties is a concern (Rivera-Rodriguez et al., 2023;
Rojas-Barrera et al., 2019; Wegier et al., 2011). In South
Africa, genetic monitoring programmes typically focus
on threatened species (e.g., da Silva & Tolley, 2018;
Labuschagne et al., 2016; Stephens et al., 2022) or
species of cultural and/or economic interest (e.g.,
de Jager et al., 2020; Miller et al., 2020). Moreover,
Sweden recently initiated a national genetic monitor-
ing programme (Andersson et al., 2022; Johannesson
& Laikre, 2020) with species such as cod, salmon and
moose, which are heavily harvested, to help prevent
their collapse (Dussex et al., 2023; Johannesson &
Laikre, 2023). Reporting on this monitoring indicator
could help incentivize more such studies within a coun-
try, as well as incentivize others to start implementing
DNA-based monitoring (Hoban et al., 2024). Indeed,
genetic studies exist for many of the taxa assessed in
this study, which could form the basis for future ge-
netic monitoring (Figure S9).

Practical considerations

Based on the results of this study, we estimate that the
three genetic diversity indicators could be assessed for
100 species in around 300-400h (around 3 h/ species).
This is orders of magnitude faster than what it takes to
perform conventional genetic studies. However, if coor-
dinated with other processes, it is anticipated that this
time could be further reduced. For instance, of the 136
countries that submitted the 6th CBD national report,
61 have a national Red List for at least one taxonomic
group and 62 other nations are currently in the process
of establishing one (Raimondo et al., 2023). If the ex-
perts are already gathered for Red Listing workshops
and the relevant data, similar to the data we employed
in this study, is accessible to them, we estimate that as-
sessing the genetic diversity indicators may only take
an additional 10-20 mins per species. Additionally, the
tools and resources developed and used here were im-
proved following the lessons learned from this study
and will be a dynamic, collaborative resource with up-
dates provided as needed at https://ccgenetics.github.
io/guidelines-genetic-diversity-indicators/ (Mastretta-
Yanes et al., 2024).

Further advances could link existing biodiver-
sity databases, species spatial predictions of density
and distribution (Jedrzejewski et al., 2018) and earth
observation data (Schuman et al., 2023), in a semi-
automated process to further reduce the time needed
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for these assessments, depending on a country's exist-
ing capacities and infrastructure. Capacity-building
needs will depend largely on what data are available
within a country. Available data should be considered
broadly, including citizen science, grey literature, local
experts' knowledge, and informal data held by small
NGOs and local communities, and not only data com-
ing from scientific studies (Hoban et al., 2024).

In closing, we have shown that the calculation of
these genetic indicators is feasible and invaluable in
monitoring a level of biodiversity otherwise unnoticed.
The genetic diversity indicators may provide data that
can contribute to cutting-edge avenues for research
in ecology and evolution, including the effects of past
demographic history on how species cope with small
contemporary Ne, as well as the genetic basis of how
populations adapt to changing conditions. Meanwhile,
in the context of increasing environmental changes in
the Anthropocene, the present assessment highlights
a consequential trend—that although the majority of
species assessed have so far maintained the majority
of their populations, many species around the world
are on the precipice of decline in genetic diversity be-
cause their populations are not sufficiently large. Yet,
this trend also presents an opportunity to safeguard
and enhance genetic diversity to protect and maintain
species and populations around the world.
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