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Abstract

Many species on endangered species lists such as the [UCN Red List (RL) are categorized using demographic factors such
as numbers of mature individuals. Genetic factors are not currently used in the RL even though their explicit consideration,
including effective population size (V,) and expected heterozygosity-loss (H-loss), could improve the assessment of extinc-
tion risk. Here, we consider the estimation of N, and H-loss in the context of RL species. First, we investigate the reporting
of number of mature individuals for RL Endangered species, which is needed to estimate N, and H-loss. We found 77%
of species assessments studied here did not report methods used to estimate the number of mature adults, and that these
assessments rarely report other important determinants of N, (e.g., sex ratio, variance in family size). We therefore applied
common rules of thumb to estimate N,, and found that N, was likely < 50 for at least 25% of the 170 RL Endangered species
studied here. We also estimated mean expected H-loss for these species over the next 100 years, and found it to be 9-29%.
These estimates of high H-loss and low N, suggest that some species listed as Endangered likely warrant listing as Critically
Endangered if genetic considerations were included. We recommend that RL and other assessment frameworks (i) report
methods used for estimating the number of mature adults, (ii) include standardized information on species traits that influ-
ence N, to facilitate N, estimation, and (iii) consider using concepts like NV, and heterozygosity-loss in risk assessments.

Keywords Biodiversity preservation - Conservation genetics - Extinction risk - Effective size - Number of breeders -
Population bottleneck

Introduction

The one process now going on that will take millions
of years to correct is the loss of genetic and species
diversity by the destruction of natural habitats. This is
the folly our descendants are least likely to forgive us.
-Edward O. Wilson, 1984

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10592-020-01301-6) contains
supplementary material, which is available to authorized users.

Biodiversity loss is among the most urgent problems
facing the world today. The most recognized worldwide
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index for biodiversity is the International Union for Con-
servation of Nature’s (IUCN) Red List. This list results
from a large, informative, and continually updated database
dedicated to “providing the world with the most objective,
scientifically-based information on the current status of
globally threatened biodiversity” (IUCN 2001). For extant
organisms with adequate demographic data, the [IUCN Red
List assigns an extinction risk category (“Least Concern”,
“Near Threatened”, “Vulnerable”, “Endangered”, or “Criti-
cally Endangered”) based upon a variety of criteria (Mace
and Lande 1991; IUCN 2001). The IUCN bases most of
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its risk assessment on factors regarding number of mature
individuals, trend, and geographic range. The IUCN rec-
ognizes genetic diversity as one aspect of species diversity
and health (Norse et al. 1986, Reed and Frankham 2003);
however, genetic factors are seldom used explicitly in RL
assessments (Laikre et al. 2009), or in conservation policy
or assessments in general (Pierson et al. 2016). For example,
Laikre (2010) concluded that genetic diversity was not moni-
tored, genetic change indicators were missing, and no strat-
egy had emerged for including genetic aspects into global
biodiversity targets, a point reiterated in Laikre et al. 2020.

Genetic principles and parameters have been useful in
assessing conservation priority and risk assessment in a
range of taxa, particularly when extinction risks are dif-
ficult to evaluate from ecological and demographic data
alone (Dunham et al. 1999). Effective population size (V,)
is defined as the size of the ideal population with the same
rate of genetic drift as in the actual population being con-
sidered (Fisher 1930; Wright 1931). N, is among the most
important genetic parameters in evolutionary and conserva-
tion biology because it influences the rate of inbreeding, loss
of genetic diversity, efficiency of natural selection, and the
maintenance of evolutionary potential (Newman and Pilson
1997; Waples et al. 2014; Beaumont and Wang 2019). This
is in contrast to the population census size, N,, which is often
defined as the number of mature (adult) individuals (e.g.,
Frankham1995; Waples 2005; Waples et al. 2014). N, (and
the N /N, ratio) is often particularly small for species with
high fecundity, high mortality in early life stages (type III
survivorship), high sex ratio skew, polygamy, and/or herit-
ability of reproductive success (Waples et al. 2014; Kendall
et al. 2016; Wang 2016; Greenbaum et al. 2017; Sun and
Hedgecock 2017).

However, the main driver of low N, and N./N, ratios
is typically high variation in reproductive success among
individuals, which could be due to body size and fecundity
variation (e.g., large trees or fish producing thousands of
seeds or eggs), behavior (e.g., dominant males; Beletsky and
Orians 1989), or chance. While some of the extremely low
NN, ratios reported in the literature have been contested as
potential artifacts of sampling (Hauser et al. 2002; Ficetola
et al. 2010; Waples 2016), the ratios in many species are
often small (<0.10). N, is often small (< 50) and/or declin-
ing which is problematic for population persistence, and
thus is of concern to conservation biologists (Allendorf and
Ryman 2002, Laikre et al. 2020).

N, ranging from around 50 to several hundred is within
the range where genetic variation is lost rapidly due to
genetic drift and deleterious effects of inbreeding likely
occur; N, below 50 signals critical and rapid genetic ero-
sion (Frankham et al. 2002; Hoarau et al. 2005). This is
especially true if the population size has been small for
multiple generations and was recently large, because large
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(outbred) populations carry a large genetic load (deleterious
alleles; Allendorf et al. 2013; Spigler et al. 2017). At small
and declining N,, loss of allelic diversity is especially rapid
and increases susceptibility to infectious disease and cancers
(Ujvari et al. 2018). Thus, N, could inform managers and
other conservation stakeholders about a population’s ability
to persist and respond to environmental change, which is of
great importance in the Anthropocene.

While there are increasingly useful genetic methods to
estimate N, (e.g., those based on linkage disequilibrium or
sibship; Waples and Do 2008; Wang et al. 2016; Beaumont
and Wang 2019) and genetic data are increasingly afford-
able, N, need not be empirically measured with molecular
markers for the N, concept to be useful in assessing risk of
a species or population. For example, the N, for a species
or taxonomic group is known to often be only 10% to 20%
of the N, (Frankham et al. 2014), and sometimes far less
(e.g., < 1%; Palstra and Ruzzante 2008). Biologists can esti-
mate or approximate N, from N, using only demographic
data such as the number of reproducing males and females,
the adult sex ratio, longevity, family size variance, and more
(Waples et al. 2013), if such information is available. This
would allow explicit consideration that if N, <50 (e.g., 20 to
30), then inbreeding depression (and fixation of deleterious
alleles) and loss of alleles is likely to threaten a population’s
growth and persistence (Bozzuto et al. 2019). Furthermore,
N, estimates allow estimation of the loss of heterozygosity
(H-loss) expected over 100 years, for example, if the gen-
eration interval is known or approximated. Heterozygosity
loss over 100 years (e.g.,>5% or 10%) has been proposed
as threshold for population extinction risk and management
concern (e.g., Allendorf and Ryman 2002).

Our overarching goal here is to consider the use of N,
concepts and estimates, and loss of heterozygosity for [UCN
Red List assessment procedures. Our main objectives are to
(1) assess the standardization of reporting the “number of
mature individuals” as estimated and reported within the
IUCN Red List to facilitate N, estimation, (2) estimate the
N, for species listed as endangered (EN) on the IUCN Red
List per Criterion D using a range of generally accepted
and reasonable N/N, ratios, (3) estimate the heterozygosity
expected to be lost in the next 100 years based on those
N, estimations and generation interval estimates, and (4)
identify which species listed as EN are at the most risk and
could warrant listing as critically endangered (CR) if the
N, and heterozygosity-loss are considered. We predict that
many species in the [UCN Red List are likely to have a small
N./N_ ratio and N, <50 (for multiple generations) and thus
could benefit from revision of Red List ranking along with
monitoring or management actions to prevent excessive loss
of genetic variation and reduced probability of persistence
(Crow and Kimura 1970; Allendorf and Ryman 2002; Lacy
2019).



Conservation Genetics (2020) 21:795-801

797

Methods

To assess and quantify standardization in the ITUCN Red
List reporting of number of mature individuals in a spe-
cies, we first compared the text of recent available Red List
guidelines, beginning from ones published in 2004 up to
the most recent one, Version 14 (IUCN 2019). Similari-
ties and differences between the guideline versions over
time were recorded. We were interested in species listed
as Endangered (EN) on the ITUCN Red List as they are
already of high conservation concern and are one risk
category away from being Critically Endangered (CR),
which is the most endangered category (except Extinct
in the Wild). Under Criterion D, species with number of
mature individuals <250 are listed as EN, and <50 are
listed as CR.

To analyze the assessments of EN species listed under
Criterion D, we filtered all species assessments currently
available on the IUCN Red List (n=105,732) to include
only those species listed as Endangered (EN; n=9754),
and then filtered to include only those categorized as EN
under Criterion D alone (n=222). Our final filtering step
kept all assessments with reported estimates for the num-
ber of mature individuals (n=171). One assessment was
written without an English translation, and was removed
from the dataset. The final, working dataset of 170 assess-
ments included all species on the IUCN Red List with
available population size estimates in the endangered (EN)
category listed under Criterion D (small population size;
note that [IUCN uses the term “population size” but this
refers to the entire species not individual populations). All
filtering was done within Microsoft Excel.

We investigated the estimation and reporting of popu-
lation sizes (i.e., estimates of mature individuals) in each
assessment in the working dataset in order to quantify dis-
crepancies between species’ assessments. This included
recording the number of assessments that provided pri-
mary sources (e.g., peer-reviewed publications) and
methods of estimation (e.g., field surveys, camera traps,
number of breeding pairs, etc.), as well as if the sources
cited within the assessment (if applicable) provided meth-
ods of estimation. All information was retrieved from the
text within the “Population” information segment of each
assessment (available online at www.iucnredlist.org), as
our working dataset contained species listed based on Cri-
terion D alone (small population size) without considera-
tion of habitat, threats, or other factors.

For species in the working dataset, we estimated N, by
multiplying the number of mature individuals reported in
their assessments by 0.4 or 0.1, representing a common
range of N/N, ratios (Waples et al. 2011; Allendorf et al.
2013; Frankham et al. 2014). The maximum estimate was

used for assessments that reported ranges of values for
mature individuals. These species were then sorted into
new IUCN Red List categories based on their estimated
N, in order to quantify the changes in risk categorization
that would happen if the Red List considered N.. Under
a genetics viewpoint, if the N, estimate was less than 50
individuals, the species might be moved from its original
EN category into the critically endangered (CR) category,
per IUCN Red List Criterion D guidelines.

Thirty-nine assessments of 170 within our working data-
set reported generation length. For these 39 species, we esti-
mated loss of heterozygosity over the next 100 years using
the following equation (Wright 1931):

% heterozygosity remaining = [1 — (1/(2 * Ne)]t

where N, was estimated using the N/N_ ratios of 0.4 and 0.1,
N, is directly from the Red List assessment (reported as the
number of mature adults), and t is the number of generations
in 100 years. The number of generations (t) was estimated
by dividing 100 by the generation length reported within the
Red List assessments.

Results

Since 2001 and in the present guidelines, the number of
“mature individuals” is defined as “the number of individu-
als known, estimated or inferred to be capable of reproduc-
tion”; therefore, population sizes for IUCN Red List listed
species are contingent upon reproductive maturity IUCN
2001; ITUCN 2019). While the text in versions 6 through 14
(years 2006 to 2019) includes using lower population size
estimations in cases of biased adult or breeding sex ratios,
Version 13 (2017) added the following text explicitly regard-
ing effective population size, which is still present in the
current guidelines:

Note that effective population size (N,) cannot be used
as an estimate of the number of mature individuals.
One reason is that reproductively suppressed individu-
als do not contribute to the calculation of N, but, as
explained above, they may be counted as mature indi-
viduals.

In our working dataset of 170 assessments, 96 (~56%)
assessments did not report any primary, peer-reviewed litera-
ture within the “Population” section of text in relation to the
estimate given for population size (i.e., the number of mature
individuals). Sixty-three assessments of the 96 lacked any
type of cited source for the estimation of mature individuals,
and the other 33 cited secondary sources, personal com-
munications, and unpublished results. Additionally, 131/170
(~77%) did not report the method of estimating the number
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of mature individuals. For the 39 assessments that provided
a primary source citation for the mature individual estimates,
28 reported a methodology for the estimation. While 76/170
(~45%) of the assessments reported a range of values for this
estimate, uncertainty of the estimate was never discussed or
estimated within the “Population” section text.

No assessments in the final dataset relayed the informa-
tion necessary to estimate N, based on demographic data
(e.g., sex ratio, variance in family size or reproductive suc-
cess, etc.), verified by manual inspection. When using an
estimated N /N, ratio of 0.4, 42 species (24.7%) had an esti-
mated effective population size below 50, and thus could
warrant moving from the EN to CR threat category. When
using an estimated N./N, ratio of 0.1, 168 (98.8%) EN spe-
cies had an estimated effective size <50, and could like-
wise warrant moving into the CR category (Fig. 1; Online
Resource 1).

When estimating loss of heterozygosity over the next
100 years, the average H-loss among species (estimated by
0.4 and 0.1 N./N, ratios) was 9% for an N/N, ratio of 0.4
and 29% for an N,/N, ratio of 0.1 (Fig. 2; Online Resource
2). Only 13 or 1 (using 0.4 and 0.1 N/N, ratios) of these
39 species with reported generation times are expected to
retain > 95% heterozygosity.

Discussion

Over the past decade, several calls have been made to apply
conservation genetics to policy (Laikre 2010; Storfer et al.
2010; Hoban et al. 2013; Garner et al. 2016). In spite of sev-
eral examples, there remains a frequent disconnect between
genetic concepts and data and conservation policies and
management (Santamaria and Mendez 2012). Here we used
a range of common estimations to help bridge fundamental
genetic concepts and one of the largest conservation instru-
ments available, the IUCN Red List. Under current IUCN
Red List guidelines, practitioners do not report effective
population size (V,) estimates, or metrics needed to estimate
N,, to compliment the number of mature adults (N,), despite
the utility of N, in risk assessment for populations. There is
reason for this- if some species were assessed using both N,
and N, while others were assessed only by N, the Red List
might be less useful for prioritizing or ranking conservation
action, as species often need to be assessed with the same
criteria. Nonetheless, the clear relevance of N, for species
and population survival cannot be ignored in the Red List or
in conservation assessments broadly.

The Red List defines population size (again, note that
for the IUCN Red List this refers to the species as a whole
and not individual populations) as the number of mature
individuals capable of reproduction; however, the number
of individuals that successfully reproduce (and produce
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Fig. 1 Histograms of a population census size N, (i.e., number of
mature individuals reported within the Red List), b 0.4 N, (represent-
ing N/N,=0.4), and ¢) 0.1 N, (representing N/N.=0.1)

offspring that survive to maturity) is generally much lower
than the number that are capable of reproducing. Further-
more, in many cases there is a large variance in reproductive
output, so the concept of effective population size is a highly
useful complement to N, when assessing population viability
(Frankham 1995; Lacy 2019).

In our analyses, we found several issues in how ITUCN
assessments report on the number of mature individuals;
addressing these issues would make it easier to more pre-
cisely estimate N, and loss of heterozygosity. We strongly
recommend reporting demographic metrics necessary for
estimating N, (e.g., number of mature or reproducing males
and females, adult sex ratio, longevity, family size variance,
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Fig.2 Box plots showing the estimated remaining heterozygosity
for 39 species after the next 100 years assuming an N,/N, ratio of 0.4
(grey), and 0.1 (blue)

etc.). This will help practitioners to calculate N, and also
collaborate with geneticists (as recommended by Holdereg-
ger et al. 2019) to improve threat categorizations and reduce
extinction risk and rates. Additionally, to improve standardi-
zation in reporting, we recommend assessors provide details
of methods used and more explicitly highlight uncertainty
in estimates of population size. It would be also valuable if
information could be included, in a standardized way, on
the history of a species’ demographic decline (e.g., historic
population size estimates and timing of decline), which
could facilitate much more precise estimation of metrics
including loss of heterozygosity (sensu Hoban et al. 2014)
and number of generations at small N,. We recognize that
both time and expense is a significant consideration when
collecting data on the biological characteristics mentioned
here. In situations where conditions are rapidly changing and
a species is at a high risk of extinction, there might not be
time to collect these data. Therefore, we do not argue that
these measurements be taken no matter what, but rather that
biologists should include them in assessments when possible
as there is definitive value in recording such information.
The majority of species in our working dataset were
plants, with~17% belonging to the Sorbus (rose family)
genus. This bias likely reflects that there are many rare spe-
cies in this genus, but may reflect disproportionate Red List
contributions from certain botanists or countries. To inves-
tigate a potential taxonomic bias in the results, we removed
these species from the working dataset and re-calculated the
percent of species with an estimated effective population
size below 50 (and thus potentially warranting a move from
the EN to CR threat category), again using N /N, of 0.4 and
0.1. However, the results we obtained when removing these
species were similar to the original results, with 17.1% when
using N/N_=0.4 (compared to 24.7% before the removal of

Sorbus species) and 99.3% when using N/N,=0.1 (com-
pared to 98.8% before the removal of Sorbus species).

Additionally, we found that close to %4 (51/222) of the
assessments listed as EN under Criterion D (i.e., population
size < 250) didn’t report a population size estimate, despite
Criterion D being contingent upon this estimate. In cases
like this where populations are small but estimating a census
size is difficult, the use of genetic markers and an accept-
ance of N, as a metric under Criterion D could provide more
information that what is currently available. Sometimes it
is easier to estimate N, using genetic markers than to esti-
mate N, by traditional methods, because genetic markers
can be applied to scat, hair, feathers, or other remnants of
an individual (Taberlet et al. 1999). Genetic markers can be
used to estimate N, through capture-mark-recapture (CMR)
methods, and additionally, genetic analysis costs are plum-
meting and transfer of markers between species is increas-
ingly feasible (e.g., Andrews et al. 2016).

Effective population size estimates can vary widely
depending on sampling, assumptions, the estimator, and
more. While our “rule of thumb” estimates of N /N, equal to
0.4 and 0.1 represent a wide range and a simplistic approach,
they are still useful in determining the range of likely actual
N, value. Using the larger 0.4 estimate still resulted in close
to % of the EN species having an estimated N, < 50, mean-
ing they could be candidates for the CR category. Other
groups have suggested that an N./N, ratio of 0.14 is actu-
ally an overestimate for many species (Palstra and Ruzzante
2008), meaning our results using a ratio of 0.1 could often
be closer to reality. In the 0.1 case, all but two of the 170
species would be moved into the CR category. Though it is
theoretically possible that species sorted into threat catego-
ries based on small population sizes could have experienced
genetic purging and are less susceptible to genetic effects,
most threatened species are recently declining and have not
been at low populations over long periods of time. While we
recognize the potential pitfalls in using the same N/N, ratio
across taxa, this study represents a critical starting point and
highlights a key message—many species are in a critical
situation due to small effective population size, inbreeding,
loss of variation, fixation of deleterious alleles, and reduced
long-term viability. The ITUCN Red List status of “endan-
gered” (EN) may not highlight the urgency of this situation,
and we aim to make clear to non-genetics experts the scope
of this problem.

One major asset of the Red List is its relatively unchanged
nature over time, and hence the ability to track temporal
changes. Nonetheless, our findings suggest many species
may have effective population sizes substantially below rec-
ommended conservation thresholds (N, < 50) and that the
Red List criteria overlook important genetic and evolution-
ary processes like strong genetic drift, inbreeding, and loss
of heterozygosity. This and previous findings that genetic
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diversity is not well predicted by RL status argue that there
is room for improvement in the incorporation of genetic con-
siderations into the IUCN Red List. Willoughby et al. (2015)
examined the relationship between IUCN RL category and
microsatellite diversity and determined whether [IUCN crite-
ria are effective at identifying low genetic diversity species;
generally, genetic diversity did not correlate with IUCN Red
List category. The team suggested a genetic [IUCN criterion
with a conceptual outline that includes estimation of cen-
sus size, effective population size, neutral genetic diversity,
reference genetic diversity, and number of generations until
reaching a certain heterozygosity-loss cutoff value. Here,
we are also suggesting that N, (and the predicted loss of
heterozygosity) be considered as additional important infor-
mation to supplement reporting and assessments because
genetic factors (e.g., drift, inbreeding depression) reduce
population persistence (Allendorf and Ryman 2002; Lacy
2019).

Feasible solutions may include a new category for list-
ing, e.g., “Category F: Effective Population Size <507, or
creation of an alternative (additional or independent) list
including genetic factors in assessments (e.g., a “Red-Genes
List”). Lists complementary to the Red List, e.g., the Green
List, have proven successful (Akcakaya et al. 2018). Other
assessment devices exist including the national endangered
species lists, the NatureServe list, BGCI ThreatList, and the
European Union Habitats Directive, and these could con-
sider N,. Additionally, [UCN guidelines could be updated to
include suggested, but optional, fields for reporting demo-
graphic and life history metrics (e.g., sex ratio, family size
variation, mating strategy, birth and death rates, reproductive
output) when possible, which can be used by conservation
geneticists and other practitioners to estimate N, separately
and precisely for each species.

Our results also have usefulness in the context of the
Convention on Biological Diversity Target 13 on “genetic
erosion”. The Red List Index is currently an indicator for
this Target but we suggest that a rule of thumb such as 0.4V,
below thresholds such as 50 and 500 could be complemen-
tary with more genetic relevance and a better predictor of
extinction risk (Laikre et al. 2020, Hoban et al. 2020). We
acknowledge that this approach is imperfect, but including
genetic factors (which have known influences on population
persistence) is an improvement over no indicators at all. We
hope these results and perspectives motivate improved risk
assessment and conservation of threatened species while
advancing quantitative biodiversity monitoring broadly.
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