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Abstract 
Species conservation assessments evaluate extinction risk, and recovery potential, advancing species persistence through guiding re- 

source prioritization and planning. Assessment frameworks, including the International Union for Conservation of Nature Red List and 

Green Status of Species, typically focus on species as a whole. Importantly, they do not routinely account for genetically distinct units 

or do not have standardized methods of unit delineation. This limits the representation of genetically distinct components, including 

adaptive genetic diversity that underpins long-term resilience and recovery. Incorporating standardized within-species units like sub- 

populations and Evolutionarily Significant Units (ESUs) into species assessments could help address this oversight. However, identifying 

and delineating such units remain challenging, particularly when molecular data are limited. Here, we propose a flexible framework 

that integrates molecular and non-molecular evidence to identify both subpopulations and ESUs across taxa, providing a practical tool 

to incorporate within-species diversity into conservation assessments. 
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Box 1: Key terms. 

CBD , the United Nations Convention on Biological Diversity, is 

the foremost authority and key international treaty on biodiver- 

sity, which includes explicit commitments and agreements to con- 

serve and monitor biodiversity ( https://www.cbd.int/ ). The Kunming- 

Montreal Global Biodiversity Framework (KMGBF) is a recent agree- 

ment adopted in December 2022 with commitments from 196 sig- 

natory nations. The agreement provides a pathway for halting and re- 

versing global biodiversity loss. Importantly, genetic diversity is explic- 

itly recognized in this agreement as a core component of biodiversity 

that must be conserved, monitored, and reported. 

Evolutionarily Significant Units (ESUs) are lineages demonstrating 

highly restricted gene flow from other such lineages within the higher 

organizational level of species (Fraser and Bernatchez 2001 ). Due to 

limited gene flow, these genetic units follow their own evolutionary tra- 

jectories and thus are likely to house unique adaptive genetic diversity 

(Funk et al. 2012 ; figure 1 c). 

A population within the IUCN Red List framework is defined as the 

total number of individuals of the taxon (i.e., species or subspecies) 

(IUCN 2001 ; figure 1 a), which differs from its common biological us- 

age (IUCN 2003 ). Due to the multiple definitions of this term, we have 

avoided it in the remainder of this manuscript. 

Subpopulations in the IUCN Red List framework are geographically 

or otherwise distinct groups in a population between which there is 

little demographic or genetic exchange (typically one successful mi- 

grant individual or gamete per year or less (IUCN 2001 ; figure 1 b). 

Why list subpopulations and Evolutionarily 

Significant Units in IUCN assessments? 

enetic diversity is the foundational level of biodiversity but remains 

arely considered in global conservation programs (e.g., neglected in 

rotected area design, Paz-Vinas et al. 2025 ; species recovery plans, 

ierson et al. 2016 ; in IUCN assessments, Schmidt et al. 2023 ; and in re- 

ent policy like the European Union Nature Restoration Law, O’Brien 

t al. 2025 ). Though the recently adopted United Nations Convention 

n Biological Diversity (CBD; box 1 ) Kunming-Montreal Global Biodi- 

ersity Framework (also known as the KMGBF) includes explicit com- 

monitor genetic diversity (Target 4; CBD 2022 , da Silva et al. 2026 ), 

a greater integration into other conservation initiatives could help to 

address the decline of global genetic diversity. 

Irreversible allelic diversity and heterozygosity loss have been doc- 

umented across hundreds of species (Leigh et al. 2019 , Shaw et al. 

2025 ). Human activities are frequently leading to the extirpation of 

entire subpopulation networks (Ceballos et al. 2017 , Mastretta-Yanes 

et al. 2024 ), which likely harbored distinct alleles and possibly local 

adaptations, representing a loss of unique evolutionary trajectories. 

Genetic diversity underpins fitness, resilience, and adaptive poten- 

tial (Reed and Frankham 2003 , Swindell and Bouzat 2005 , Hughes et 

al. 2008 , Harrisson et al. 2014 , Frankham 2015 , DeWoody et al. 2021 , 

Kardos et al. 2021 , Meek et al. 2023 , van Oosterhout et al. 2025 ), and 

its erosion is closely linked with species extinction risk through re- 

duced capacity to respond to environmental change or disease threats 

(Frankham 2005 , Evans and Sheldon 2008 , Polishchuk et al. 2015 ). Im- 

portantly, demographic recovery of a population does not imply ge- 

netic recovery. Lost genetic variation may remain depleted for many 

generations, highlighting the need to maintain distinct subpopula- 

tions and networks of distinct subpopulations known as “Evolutionar- 

ily Significant Units” (ESUs; Nei et al. 1975 , Frankham 2005 , Allendorf 

et al. 2022 ). Thus, losses in genetic diversity represent a threat to all 

levels of biodiversity. 

The International Union for Conservation of Nature (IUCN) and its 

Red List of Threatened Species (a catalogue of over 163,000 species) is 

the international standard in assessing the extinction risk of species 

based on the best available information. The Red List forms the basis 

for the A.3 headline indicator within the KMGBF, the Red List Index, 

which measures trends in the extinction risk of species over time to as- 

sess progress toward halting human-induced extinctions (CBD 2022 ). 

Extinction risk is calculated on the occupation of the focal species’ his- 

torical range, census size and trends, habitat quality, and fragmenta- 

tion level (IUCN 2001 ), but genetic diversity is not formally included 

in assessment criteria (Schmidt et al. 2023 , van Oosterhout 2024 ). Al- 

though such frameworks provide scope to include genetic informa- 

tion, this aspect of biodiversity, which is critical for species’ fitness, 

adaptive potential, and long-term extinction risk, remains underrep- 

resented. As a result, Red List conservation status is not directly corre- 

lated with remaining levels of genetic diversity or magnitude of loss 

(Leigh et al. 2019 , Mastretta-Yanes et al. 2024 , Shaw et al. 2025 ). In the 

more recently established IUCN Green Status of Species (IUCN 2021 ), 

recovery of pre-impact census size is assessed as a measure of conser- 

itments with two key genetic indicators that aim to conserve and 

https://www.cbd.int/
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ation success. Although genetic diversity is not explicitly assessed, it 

s sometimes discussed in Green Status assessments. In some cases, 

pecies with substantial, irreversible genetic diversity loss have re- 

eived high Green Status recovery scores, despite persistent risk of in- 

reeding and limited adaptive capacity (e.g., Alpine ibex, Capra ibex ; 

rambilla et al. 2024 ). Though IUCN conservation status (i.e., extinc- 

ion risk and recovery status) does not directly prescribe protection or 

pecies management, greater consideration of genetic diversity could 

elp to identify important groups in need of protection that could help 

itigate genetic erosion. In turn, incorporating genetically meaning- 

ul within-species units into IUCN assessments can help support the 

ed List and Green Status’s main goals by ensuring a more accurate 

xtinction risk and recovery is obtained, which is particularly per- 

inent for species with strong demographic independence across in- 

raspecific units. 

The two recently adopted genetic diversity indicators in the KMGBF 

rovide access to genetic diversity assessment without necessarily re- 

uiring molecularly derived information (Mastretta-Yanes et al. 2024 , 

oban et al. 2025 ). The “headline” indicator Ne500 reflects trends re- 

ated to effective population size, and the “populations maintained”

ndicator reflects whether populations themselves are being retained 

cross a species’ range (CBD 2022 ). Both indicators track the mainte- 

ance of genetic diversity by assessing and monitoring key evolution- 

ry processes, such as the persistence of subpopulations, connectivity 

etween them, and the retention of adaptive variation across species. 

n practice, this means that even in the absence of genome-wide data, 

nformation from ecological surveys, demographic records, and well- 

ocumented populations can be used to infer whether genetic varia- 

ion is being preserved and whether evolutionary processes are likely 

o continue. Adopting a similar approach within IUCN assessment 

riteria is a potential way to include genetic concerns without the 

eed for scarce molecular data (less than 1.5% IUCN Red List assessed 

pecies have accessible molecular data, Paz-Vinas et al. 2025 ). Build- 

ng on the KMGBF approach, the framework presented here offers a 

ethod to identify within-species units at scales relevant for evolu- 

ionary processes, which could inform assessments, within the IUCN 

nd more broadly, to highlight units that contribute to overall genetic 

iversity. 

Conservation-relevant evolutionary processes can be categorized 

nto processes that distribute existing genetic diversity (gene flow and 

enetic drift) and processes that create or remove diversity (mutation 

nd adaptation) (figure 1 ). Subpopulations, as defined under the IUCN, 

re akin to the common biological usage of “populations” (refer to key 

erms in box 1 ) and partially correspond to the units used for genetic 

ndicators within the KMGBF (figure 1 b; refer to Mastretta-Yanes et 

l. 2024 ). Gene flow and genetic drift shape the genetic structure of 

pecies over relatively few generations across subpopulations by re- 

istributing genetic diversity. Processes like environmental adapta- 

ion (i.e., response to natural selection) and the accumulation of al- 

eles through mutation involve the creation of new genetic diversity 

nd act out over a greater number of generations to shape the evo- 

utionary trajectory of a species across networks of several subpopu- 

ations, defined as ESUs (Allendorf et al. 2022 ; figure 1 c). Due to the 

ctions of adaptation, ESUs can follow their own evolutionary trajec- 

ory and may occupy unique or different ecological niches from other 

nits within their species. 

Identifying and considering ESUs can help maintain evolution- 

ry processes beyond individual units, supporting broader ecosystem 

unction. However, we explicitly do not consider human-mediated 

ESU B

ESU A

no gene flow

no gene flow

historical
gene flow

(a) Single species

(b) Subpopulations

(c) Evolutionarily Significant Units

ulat

g

tions

no gene flow

historical
gene flow

onarar

no gene flow

icaily Significarily Signifirily Signifi

E

no gene flow

species

tattitions

U A

Figure 1 Within the IUCN assessment guidelines, listing of distinct
groups can occur at species (a), subspecies (not shown), or subpopula-
tion (b) levels. We suggest the inclusion of Evolutionarily Significant Units
(ESUs) (c). Note that one or several subpopulations together can form an
ESU, and their grouping is determined by gene flow. In this schematic
illustration, gene flow is depicted as being restricted between the hypo-
thetical units [subpopulations (b) and ESUs (c)] by geographical barriers
(mountains). The two subpopulations on the left side of the panel were
historically linked by gene flow; although this was interrupted by a road,
we do not consider them ESUs because the interruption of their gene
flow is anthropogenic, and they have the same historical evolutionary
trajectory thus they are one ESU. Alt text: Three-panel diagram showing
conservation units. (a) A single species of frogs distributed on both sides
of mountains. (b) Subpopulations separated by mountains, with no gene
flow between left and right groups, but historical gene flow between two
left-side groups despite a road barrier. (c) ESUs: left-side subpopulations
grouped into one ESU due to shared history, and a separate ESU on the
right, with no gene flow between them. 

(e.g., selection for desirable phenotypes) or drift-driven change (e.g.,

due to human isolation) as valid evolutionary trajectories for ESUs. 

The IUCN currently assesses species at three levels: species (fig-

ure 1 a), subspecies, and subpopulations (figure 1 b). Although ESUs

(figure 1 c) are not formally recognized as a separate unit of assess-

ment within the Red List, they represent biologically meaningful

within-species groups that are currently not reflected by these three

existing levels (e.g., Cape parrot Poicephalus robustus , Coetzer et al.

2015 and leopard skink Ctenotus pantherinus , Prates et al. 2023 ). ESUs
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epresent genetically distinct units, whereas subspecies often have lit- 

le to no genetic basis and can reflect historical observations. Simi- 

arly, subpopulations delineate species at a finer scale than ESUs and 

o not reflect the important and valuable different evolutionary tra- 

ectories that can be present in a species. Subpopulations are a rec- 

gnized unit, but fewer than 5% of species have them delineated on 

he Red List (Janet Scott, Programme Officer at IUCN, written commu- 

ication, April 2024). This low uptake reflects the absence of a stan- 

ardized methodology for defining subpopulations across taxa. Delin- 

ation is currently determined on a case-by-case basis by assessment 

eams and is often based on individual sites or locations rather than 

n demographically or evolutionarily independent units. As a result, 

ubpopulation boundaries do not always have a clear biological basis. 

mportantly, although the IUCN Red List does not currently account for 

SUs as a formal assessment unit (IUCN 2024 ), the IUCN Green Status 

f Species clearly recognizes ESUs as acceptable units for calculating 

ecovery scores (IUCN 2021 ). Incorporating biologically meaningful 

ubpopulations into both the Red List and Green Status frameworks, 

nd ESUs into the Red List, as additional listing levels beyond those 

urrently used in species assessments, could therefore provide insight 

nto the structure and evolutionary potential of species, supporting 

ore nuanced conservation prioritization and decision-making. 

Conservation Units, including ESUs, have a longstanding history in 

cientific conservation assessments. The term ESU was first conceptu- 

lized by Ryder ( 1986 ), and subsequent studies have proposed vary- 

ng criteria to define them as conservation-relevant units (overview in 

raser and Bernatchez 2001 ). However, challenges arise in standard- 

zing ESU delineation due to the multidisciplinary nature of conserva- 

ion science and differing approaches to genetic and ecological data 

e.g., Moritz 1994 , Crandall et al. 2000 , Funk et al. 2012 ). For example, 

cological factors such as habitat specialization or behavioral differ- 

nces play a role in the divergence of ESUs and might be overlooked 

f genomic data alone are used to determine them. In turn, similar 

henotypes that are underpinned by different genomic adaptations 

an also be overlooked if phenotypic data alone are used (Fenster and 

udash 1994 ). A holistic approach that integrates genetic and non- 

enetic metrics, including adaptive and ecological variation, has been 

ecommended to improve comparability and relevance (Fraser and 

ernatchez 2001 , Robertson et al. 2014 ). 

To support the consideration of both ESUs and subpopulations in 

UCN and other conservation assessments, we present a comprehen- 

ive and flexible two-phase framework for improved subpopulation 

elineation (Phase 1) followed by standardized ESU identification 

Phase 2). Our aim is to identify unique genetic units so that their pas- 

ive loss can be mitigated. Enabling extinction risk assessments can 

elp to reduce the loss of unique variation and prevent disruptions to 

volutionary processes. Though we have developed our framework 

pecifically to support IUCN assessments, we acknowledge that di- 

iding species into subpopulations or ESUs could unintentionally af- 

ect downstream conservation management decisions. A recent meta- 

nalysis found a strong historical tendency in conservation manage- 

ent to define units as genetically distinct through data misinterpre- 

ation and/or weak or no evidence (Liddell et al. 2021 ). These divisions 

ave previously led to erroneously isolated units that unnecessarily 

ncreased extinction risk (e.g., the Eastern Barred Bandicoot Perame- 

es gunni ; Weeks and Rypalski 2021 ). We strongly stress that division 

f species into subpopulations or ESUs through any framework does 

ot indicate a need to manage units in isolation (e.g., Senn et al. 2014 ) 

ut rather could be used to help highlight unique units at risk of ex- 

tinction and in need of protective actions (e.g., translocations; habitat 

restoration) to prevent irreversible genetic diversity loss or disruption 

of evolutionary processes. Risks and pitfalls concerning the designa- 

tion of both subpopulations or ESUs are presented throughout the pa- 

per, with additional detail provided in the supplemental material Cost 

Benefits analysis, Section B. 

Subpopulation and ESU standardized framework 

The framework we outline here for standardized identification of 

both subpopulations and ESUs has two phases: first, identifying ge- 

netically meaningful subpopulations and, second, grouping these into 

ESUs. Though we recognize the existence of several ESU frameworks 

(e.g., Fraser and Bernatchez 2001 , Funk et al. 2012 ), a framework using 

multiple lines of evidence (both genetic and non-genetic) is necessary 

for objective and standardized identification of IUCN-relevant groups. 

The null hypothesis for this framework is that all individuals within 

a species belong to a single genetic unit, that is, they form a single 

metapopulation, which in turn is one ESU. Deviations from this null 

hypothesis (manifested as genetic differentiation, biogeographic iso- 

lation, or adaptive divergence) indicate the presence of distinct sub- 

populations and/or ESUs. Accordingly, the null hypothesis serves as 

the baseline in each phase and must be explicitly tested in all assess- 

ments (the default first scenario). 

In Phase 1 (identifying genetically meaningful subpopulations), 

subpopulations may reflect recent or human-mediated fragmenta- 

tion, restricted gene flow, or local adaptation. Assessors must identify 

“candidate scenarios” representing different possible subpopulation 

groupings, with particular focus on those that are most likely or bio- 

logically relevant. Each scenario is evaluated using multiple lines of 

evidence, and in cases where several scenarios are plausible, each is 

scored separately, with the scenario achieving the highest total score 

representing the best-supported subpopulation delineation. Detailed 

guidance for applying these criteria is provided in the accompany- 

ing workflow document ( https://github.com/iucn- CGSG/Subpop- ESU- 

Webtool ). Once subpopulations have been identified, Phase 2 tests 

whether these subpopulations can be grouped into one or more ESUs 

(whereby the one ESU scenario is the null hypothesis). For Phase 2, 

new candidate scenarios can be evaluated independently of Phase 1, 

as the number of subpopulations does not necessarily correspond to 

the number of ESUs. As in Phase 1, the scenario with the highest score 

at the end of Phase 2 represents the most strongly supported ESU de- 

lineation. 

Three types of data are used in this delineation framework: ge- 

netic, recorded biological, and inferred evidence (figure 2 a). Ge- 

netic evidence derives from genetic or genomic markers (e.g., sin- 

gle nucleotide polymorphisms [SNPs], microsatellites, mitochondrial 

haplotypes) and is leveraged to assess differentiation and/or evo- 

lutionary distinctiveness, including adaptive divergences, of groups 

within a species. Recorded biological evidence does not require ge- 

netic data (e.g., observed biogeographic patterns, variation in trans- 

mitted traits) and comes directly from individuals in the assessed 

focal species. Inferred evidence also does not require genetic data 

and is not directly observed in the focal units, for example, it is de- 

duced from biogeographic patterns based on modeling techniques. 

To guide assessors, we have comprehensively listed categories, spe- 

cific analyses within each evidence type and data that can be used 

(table 1 ). 
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(a) Lines of evidence (b) Two - Phase Framework

Phase 1: Identify subpopulations

Score candidate subpopulation scenarios

*Null - Hypothesis: Single genetic metapopulation (no intraspecific subdivision) 
→ one ESU (i.e. no testing of Phase 2 necessary) 

Candidate Scenarios & Scoring:
Subpop - Scenario A) x subpopulations
Subpop - Scenario B) n subpopulations
...

*Null - Hypothesis: 1 ESU

Candidate Scenarios & Scoring:
ESU - Scenario X) k ESUs
ESU - Scenario Y) j ESUs
...

* Scenarios falling under the Null - hypothesis (1 genetic metapopulation or 1 ESU) are formally 
tested as a baseline against multi subpopulation- or ESU-scenarios with reversed scoring.

Score candidate ESU scenarios (note: these scenarios can differ from the subpopulation scenarios)

Phase 2: Delineate Evolutionarily Significant Units (ESUs)genetic

inferred

recorded 
biological

Genetic
structure

2

Isolation/
Migration barriers

2

Inferred 
geographic

patterns
1

Karyotype/ Ploidy/ 
Chromosome 

variation
6

Evolutionary
distinctiveness

6

Adaptive
divergence

6

Inherited 
characteristic 

variation
4

Recorded 
characteristic 

variation
2

Traditional
knowledge

2

a) final score could not reach or exceed 10 points (even 
    if all missing data were supportive of the tested scenario)
    = no support for the ESU - Scenario 
b) final score does not currently reach or exceed10 points*, 
    but could do so if missing data subsequently prove 
    to be supportive of the scenario   
    = scenario indicates possible ESUs (pESUs)
  *if only non-genetic evidence is currently scored, the ESU-scenario
   should be rather considered as 'data-deficient'

Scoring: ≥ 2 points is required to 
              proceed to Phase 2 
(group into 'meaningful' ESU - Scenarios) 

Scoring: ≥ 10 points is required to delineate distinct ESU(s)
< 10 points due to various situations:

Figure 2 (a) Lines of evidence and (b) the two-phase framework to assess the strength of evidence for subpopulations and Evolutionarily Significant 
Units (ESUs). Different lines of evidence are highlighted in dark green, green, or blue. Scores for each evidence category are indicated within the 
boxes. Higher scores indicate increased support. The scores quantify how informative each category of evidence is in assessing the likelihood that a 
subpopulation or ESU is distinct. The framework is followed using different “candidate scenarios” for various supported groupings of the species. In the 
case of conflicting evidence, assessors should divide the species into all different “scenarios” and score each scenario separately. If no data or unclear 
data are available, a score of 0 should be awarded, and the evidence category is marked as “missing.” Achieving the Phase 2 minimum threshold of 
10 points requires genetic evidence from at least one of the three described “genetic evidence categories.” Alt text: Two-panel diagram showing (a) 
categories of evidence and (b) the two-phased framework used to evaluate whether groups qualify as subpopulations or Evolutionarily Significant 
Units (ESUs). Evidence types are color-coded within each of the phases and scores are displayed within boxes. Higher scores indicate stronger support. 
The scoring of each phase is also explained. 
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In the case of conflicting evidence, assessors can divide the species 

nto all possible candidate scenarios and score each scenario sepa- 

ately then take the highest scoring. Comprehensive testing of scenar- 

os based on existing knowledge, covering, for example, one to seven 

ubpopulations or ESUs is, however, unnecessary, as many will be 

acking sufficient data. The results of the scenario with the highest 

core (note this may be different for ESUs and subpopulations) could 

e used for listing assessment. When defining subpopulations, note 

hat subpopulations can also be driven by human-mediated fragmen- 

ation or disruption of gene flow, whereas ESU divisions are likely to 

e more anciently derived. 

To enable objective scenario evaluation, each of the three lines of 

vidence is given a score reflecting its strength (figure 2 a). Scores 

ange from 1 to 6. Values of 6 are for evidence types that offer the 

trongest support (i.e., genetic/genomic signals of prolonged repro- 

uctive isolation and/or local adaptations). A score of 6 is only possi- 

le in Phase 2 evaluation, as these differences occur between ESUs. 

cores of 4 and 2 are given to strongly suggestive evidence cate- 

ories that reflect genetic divergence or non-molecular signs of local 

daptation. A score of 1 is given to data that are entirely inferred, 

uch as information from projections (e.g., maps, species distribu- 

ion models) or information inferred from closely related species. 

his is a common, but high-risk evidence type, and its low score re- 

ects this associated risk. The relative weighting of evidence types re- 

ects the IUCN’s nature of evidence rule for assessment criteria (re- 

er to IUCN 2024 ). A score of 0 is given if there are no data avail- 

ble, and categories are labeled “missing.” The framework does not 

llow for fractions or partial scores, scores are in even increments 

o support quick summing. We have strived to keep the scoring 

ystem simple, but a degree of complexity is needed to capture all 

To identify distinct subpopulations, a total score of ≥2 is required
in Phase 1. If multiple candidate scenarios are tested, the scenario

with the highest score is used for assessments. If scores are tied be-

tween the tested scenarios, we recommend choosing the scenario that

is based on the most robust data (e.g., higher resolution genetic marker

or most comprehensive sampling of the range) as this will be the state-

of-the-art. If two or more distinct subpopulations are delineated, the

assessor then tests for ESUs in Phase 2. The scores from Phase 1 do

not carry over to Phase 2, because in Phase 2, new candidate scenar-

ios are tested as it is unlikely that the number of subpopulations and

ESUs are identical. A minimum score of 10 is needed to delineate dis-

tinct ESUs. This can only be reached if genetic or genomic evidence

is collected for the species (figure 2 b and table 1 ). At least one genetic

evidence category is needed as a “yes,” coupled with either another

genetic evidence category or with significant differences in inherited

or acquired characteristics and/or traditional knowledge, to support a

scenario with distinct ESUs. If fewer than 10 points are scored, the can-

didate scenario can either be regarded as (a) “not supported,” because

10 points cannot be reached or exceeded even if all missing data were

supportive of the tested scenario or (b) as a “possible ESU (pESU)” sce-

nario, because the minimum threshold of 10 points could be reached

or exceeded if missing data subsequently prove to be supportive of

the tested scenario. However, if a candidate scenario currently only

scores in recorded biological evidence types (so non-genetic), the sce-

nario is regarded as “data-deficient” rather than as a pESU scenario.

At the end of Phase 2, assessors should select the scenario with the

highest score. 

In cases where no candidate scenarios reach the minimum thresh-

old for Phase 1 (2 points) or Phase 2 (10 points), even if additional data

were collected, the null hypothesis would apply, and the species may
utcomes. 
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r semi-discrete groups of individuals that are connected through suf- 

cient gene flow to maintain shared genetic variation) and therefore 

 single ESU. Testing the null hypothesis of a single metapopulation or 

ingle ESU follows the same scoring framework, but in reverse. In this 

nstance, points are awarded for evidence of genetic and biological co- 

esion rather than differentiation. In other words, scores are assigned 

ased on evidence demonstrating, for example, lack of structure, high 

ene flow, or uniform traits across the species range and thereby sup- 

orting the conclusion that a species constitutes a single metapopula- 

ion and a single ESU. 

This framework has been tested across multiple taxonomic groups 

table 2 ), with detailed examples provided in box 2 and box 3 with 

he best supported candidate scenarios visualized in figures 3 and 4 . 

he thresholds for delineating subpopulations and ESUs are derived 

rom these tests, reflecting a range of data availability and species 

haracteristics. We envision that through the continued application of 

his framework, more evidence types and exceptions will arise, allow- 

ng for refinement of the framework. Current efforts include testing 

pecies listed in the IUCN Green Status of Species framework (IUCN 

021 ). 

ESU and subpopulation division—risks and 

limitations 

hoosing whether or not to split species into smaller units comes 

ith an inherent risk of “under- or over-splitting,” which is ampli- 

ed when non-molecular data are used because genetic divisions 

ay be cryptic (Frankham et al. 2019 ). Over-splitting a species into 

everal ESUs could artificially inflate estimated extinction risks. Con- 

ersely, under-splitting a species could give a falsely optimistic pic- 

ure of extinction risk or Green Status, or inhibit species management 

ctions, in turn exacerbating extinction risk and fuelling genetic di- 

ersity loss (Frankham et al. 2019 , Liddell et al. 2021 ). Careful inter- 

retation is therefore critical, as ESU delineation influences threat as- 

essments, management decisions, and recognition of adaptive poten- 

ial in global conservation policy. ESU boundaries should be therefore 

reated as working hypotheses, subject to refinement as new evidence 

merges. 

An extensive cost–benefit analysis has been developed for the 

ramework to help assessors and experts balance these challenges 

 supplemental material Section B and table 1 ). However, balancing 

he patterns identified with their uncertainty often requires genetic 

nowledge. Authors conducting molecular research can support man- 

gers and assessors by offering clear lay summaries of their results in 

ublications and depositing data in open access repositories to sup- 

ort reuse (Leigh et al. 2024 ). In turn, assessors can seek advice from 

rusted sources during evaluations. 

In the future, advances in genomics will provide us with deeper 

iological insights that could be relevant to management. For exam- 

le, genetic load consists of deleterious alleles whose frequency and 

resence can vary across isolated genetic units. Undoubtedly, a di- 

ersity of genomic data types could become increasingly important 

or the effective management of ESUs (Dussex et al. 2023 ). Never- 

heless, we have not yet included genetic load as a criterion in this 

ramework, because it remains challenging to identify and is less rele- 

ant for ESUs delineation, which focuses on the evolutionary heritage 

hat conservation managers aim to preserve (more details provided in 

he supplemental material , Section C and van Oosterhout et al. 2025 ). 

Though we have designed a framework that is not entirely reliant on

molecular data, it is an important line of evidence where resolution

will also improve in the future, and reassessments could be needed.

Genetic or genomic data, often best capture long-term processes of

adaptation (i.e., natural selection) and the accumulation of mutations

that shape evolutionary trajectories (Allendorf et al. 2022 ). Data qual-

ity and resolution, such as uneven sampling, low marker density, or

poor study design, can inflate or obscure signals of population genetic

structure. The type and density of sequence data (e.g., microsatellites,

SNP arrays, or reduced representation sequencing) strongly influence

the resolution of ESU (and even subpopulation) delineation, with low-

density markers or sparse sampling increasing the likelihood of mis-

classification. 

How subpopulations and ESUs could fit into 

Conservation Assessment Frameworks 

The importance of delineating biologically meaningful units is un-

derscored by recent cases where molecular evidence has reshaped

IUCN Red List assessments. In some species, weakly supported sub-

species designations were shown to be unfounded, leading to their

collapse or consolidation (e.g., mountain lion Puma concolor : Culver

et al. 2000 , Nielsen et al. 2015 ; tiger Panthera tigris : Goodrich et al.

2015 , Wilting et al. 2015 ). In other cases, genomic data revealed deep

evolutionary divergences that had been obscured under traditional

taxonomy, prompting recognition of distinct units with separate con-

servation assessments (e.g., giraffes, Giraffa spp.: Fennessy et al. 2016 ,

Coimbra et al. 2021 , Bertola et al. 2024 ; African elephants, Loxodonta

spp.: Roca et al. 2001 , Gobush et al. 2021 ). These examples illustrate

how outdated or unfounded subspecies classifications may misdi-

rect conservation resources, whereas delineating ESUs and subpop-

ulations provides a more robust, evolutionarily grounded basis for

assessments. 

The framework proposed here provides a standardized approach

for identifying and delineating both subpopulations and ESUs, which

could potentially inform existing IUCN frameworks and assessments

(Red List and Green Status of Species). Within the Red List, for exam-

ple, delineated subpopulations and ESUs could be documented as ad-

ditional levels under the taxonomy section or accompanying meta-

data to provide context on within-species genetic diversity. In some

cases, this approach could serve as a more biologically grounded re-

placement, or supplement, to traditional subspecific assessments, par-

ticularly where subspecies designations are weakly supported or in-

consistent across taxa. This information supports more nuanced as-

sessments of extinction risk, particularly for subpopulations that are

highly differentiated or potentially at risk due to fragmentation or iso-

lation (Criterion B; IUCN 2024 ). 

Within the Green Status of Species framework (IUCN 2021 ), delin-

eating ESUs and subpopulations could directly inform assessments

of representation (spatial units), through greater standardization and

by clarifying whether historically distinct genetic units are retained

across a species’ indigenous range. In addition, once subpopulations

or ESUs are delineated, genetic data or proxy measures could in-

form assessments of viability and ecological functionality by indicat-

ing whether spatial units (either those showing recovery or with re-

covery potential) are likely to maintain sufficient genetic diversity to

support long-term persistence (IUCN 2024 ). Although viability within

the Green Status framework is commonly assessed through extinc-
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Box 2: Hawaiian koa ( Acacia koa ). 

In this box, we present the results of all the tested candidate scenarios for the Hawaiian koa ( Acacia koa ). Background information and detailed testing 

output are provided in supplemental material , Section A and in the guidance document at https://github.com/iucn- CGSG/Subpop- ESU- Webtool . The 

best-supported candidate scenarios are visualized in figure 3 . 

Phase 1: Four candidate scenarios are tested: 
Metapopulation scenario ( = null hypothesis): No evidence was found to indicate the presence of a single metapopulation of the Hawaiian koa. 

Subpopulation scenario 1: Genetic clustering and pairwise Fst values based on microsatellite data suggest two subpopulations : one on Kaua‘i and 
one spanning the Island of Hawai‘i, Maui, and O‘ahu (Fredua-Agyeman et al. 2008 ). No clear migration barriers were detected, and no indirect evidence 

of fragmentation was available. Thus, only genetic structure supported the subdivision. 

Subpopulation scenario 2: Genetic clustering and pairwise Fst values based on single nucleotide polymorphisms (SNP) data suggest seven subpop- 
ulations (Kaua‘i, Maui, and O‘ahu each with one, plus four on the Island of Hawai‘i), though some overlapping clusters likely reflect human-mediated 
dispersal and are a side product of restoration programs (Gugger et al. 2018 ; figure 3 for visualization). No clear migration barriers were detected, and 

no indirect evidence of fragmentation was available. Thus, only genetic structure supported the subdivision. 

Subpopulation scenario 3: Natural occurrence patterns across the four Hawaiian islands suggest four subpopulations (Kaua‘i, Maui, O‘ahu, and the 
Island of Hawai‘i), aligned with distinct habitats (can be considered different biogeographical zones) and potential migration barriers (Baker et al. 2009 ). 

However, genetic/genomic studies did not confirm strong structure, and no indirect fragmentation evidence was available. This scenario is supported 

mainly by biogeographic isolation. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Null hypothesis Subpopulation scenarios 
–a single metapopulation Two 

subpops 
Seven 

subpops 
Four 

subpops 
Is there evidence of genetic structure? ( 2 points ) Yes Yes Yes No 

Is there evidence of natural isolation or 
subpopulation fragmentation (through 
migration barriers)? ( 2 points ) 

Yes No No Yes 

Is there inferred evidence of likely 
subpopulation fragmentation? ( 1 point ) 

No data No data No data No data 

Final scores 0 points 2 points 2 points 2 points 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Interpretation of Phase 1: Three of the four tested candidate scenarios in Phase 1 scored two points and thereby reached the minimum threshold. 

The null hypothesis was rejected, and all three subpopulation candidate scenarios in Phase 1 are moved onto Phase 2. 

When scores are tied as seen in this example (three subpopulation candidate scenarios scored two points), we recommend selecting the one based 

on the most robust data to maximize the conservation efforts of genetic diversity. In this example, we would consider subpopulation scenario 2 (seven 

subpopulations) as the one scenario based on the most robust data. Distinct subpopulation clusters were identified using high-resolution genomic 

markers (11,000 SNPs from > 300 samples by genotyping-by-sequencing). Although microsatellites remain valuable in population genetics, subpop- 

ulation scenario 1 is unlikely to represent the true subpopulation structure. Instead, it might better reflect higher-level structuring at the ESU level, 

along with subpopulation scenario 3 (four island subpopulations). Therefore, the seven-subpopulation scenario better represents true subpopulation 

structure. 

Phase 2: The same four candidate scenarios are tested: 
A single ESU scenario ( = null hypothesis): Karyotypic evidence shows Hawaiian koa is uniformly tetraploid across islands (Shi 2003 ). The remaining 

categories scored zero, based either on multiple genomic and provenance studies demonstrating island-specific genetic, adaptive, and inherited 

phenotypic divergence and contradicting the single-ESU null hypothesis or because of missing evidence. This scenario therefore scored 6 points. 

ESUs scenario 1: Genetic data support two groups (Kaua‘i versus the Island of Hawai‘i–Maui–O‘ahu), which are tested as two distinct ESUs , but no 
additional evidence (karyotype, adaptive divergence, or inherited characteristic variation) supports this split. Missing data were identified when scoring 

for evolutionary distinctiveness, recorded characteristic variation, and traditional knowledge. Provenance tests revealed phenotypic differences across 

all four islands, but these did not align with the two-ESU grouping. Overall, this scenario scored zero points. 

ESUs scenario 2: Genomic data identified seven subpopulations, which are tested as seven distinct ESUs , but admixture within the Island of Hawai‘i 
contradicts the ESU definition of restricted gene flow. No evidence supported karyotype variation, evolutionary distinctiveness, or adaptive divergence. 

Provenance tests revealed phenotypic differences across all four islands, but these did not align with the seven-ESU grouping. Missing data were 

identified when scoring for recorded characteristic variation and traditional knowledge. Overall, this scenario scored zero points. 

ESUs scenario 3: Natural occurrence patterns identified four subpopulations, which are tested as four ESUs . Adaptive divergence linked to precipitation 
supports four ESUs corresponding to the four islands (Gugger et al. 2018 ). These are reinforced by provenance tests showing inherited phenotypic 

differences matching the island divisions (Baker et al. 2009 ). No evidence supported karyotype variation, and missing data were identified when scoring 

for evolutionary distinctiveness, recorded characteristic variation, and traditional knowledge. Overall, with genomic and phenotypic evidence, this 

scenario scored 10/16 points. 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Null hypothesis ESUs scenarios 

- a single ESU Two ESUs Seven ESUs Four ESUs 
Is there inherited variation in chromosome 
numbers, ploidy level or chromosome 
structure? ( 6 points ) 

No No No No 

Is there evidence of long-term reproductive 
isolation? ( 6 points ) 

No data No data No No data 

Is there evidence of local adaptation or 
adaptive divergence? ( 6 points ) 

Yes No No Yes 

Is there evidence of inherited characteristic 
differences? ( 4 points ) 

Yes No No Yes 

Is there evidence supporting transmitted 
characteristic differences? ( 2 points ) 

No data No data No data No data 

Is there traditional knowledge suggesting 
distinctiveness between units? ( 2 points ) 

No data No data No data No data 

Final scores 6 points 0 points 0 points 10 points 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Interpretation of Phase 2: ESU scenario 3 scored 10/16 points, providing the best-supported ESU scenario and highlighting that each Hawaiian 

islands (Kaua‘i, Maui, O‘ahu, and the Island of Hawai‘i) can be considered a separate ESU. 

[h] 

Hawaiian koa (Acacia koa) - best supported scenarios for Phase 1 and Phase 2
Phase 1: Identify subpopulations

Scenario with 7 subpopulations scores 2/4 Scenario with 4 ESU scored 10/16 = distinct ESU status

Phase 2: Delineate Evolutionarily Significant Units (ESUs)

Genetic
structure

2/2

Isolation/
Migration barriers

0/2

Inferred 
geographic

patterns
m (0/0)

Karyotype/ Ploidy/ 
Chromosome 

variation
0/6

Evolutionary
distinctiveness

m (0/0)

Adaptive
divergence

6/6

Inherited 
characteristic 

variation
4/4

Recorded 
characteristic 

variation
m (0/0)

Traditional
knowledge

m (0/0)

KKaua'i
O'ahu

Maui

the Island
of HHawaiʻi

KKaua'i
O'ahu

Maui

the IIsland
of HHawaiʻi

7 subpopulations based on:
1)  genetic clusters indicated by the different colors 
    based on genottyping-by-sequencing and genome-wide 
    genetic markers = most robust evidence

4 ESUs based on:
1) signal of local adaptation
2) inherited phenotypic differences among islands 
    (e.g., tree height and seed variation)

dominated by
1 cluster

Admixture

dominated by
1 cluster

Figure 3 Visual summary of the best-supported scenarios for Phase 1 and Phase 2 of the Hawaiian koa tree ( Acacia koa ) case study. The top panel 

summarizes the evidence categories and scores (e.g., 2/2). Categories with insufficient data are assigned “m” for missing and are given 0 points. The 

lower panel presents a schematic illustrating the outcomes for each best-supported scenario. Each tree symbol represents a single genetic unit, with 

colors representing unique units. Further details are provided in supplemental material , Section A. Alt text: Figure summarizing two assessment phases 

for Hawaiian koa ( Acacia koa ). Phase 1 identifies seven subpopulations with low support (2/4), while Phase 2 identifies four Evolutionarily Significant 

Units (ESUs) with sufficient support (10/16). Evidence categories are scored, with missing data marked as zero. Maps show genetic groupings across 

Hawaiian islands. 
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ion risk (and therefore directly relates to the species’ Red List status), 

enetic information can provide complementary insight into the ca- 

acity of populations to sustain evolutionary processes beyond demo- 

raphic recovery. 

Both phases of this framework can provide complementary infor- 

ation relevant to Red List assessments under Criterion B, which con- 

iders species with subpopulations that are severely fragmented (i.e., 

maller than necessary to support a viable population; IUCN 2024 ). Se- 

ere fragmentation is currently inferred from habitat fragmentation 

nd species traits. Information on subpopulations within the same 

ESU, particularly where high human-mediated genetic differentiation 

is observed, could provide complementary evidence to inform assess- 

ments on fragmentation. Furthermore, identifying ESUs could help 

distinguish whether observed subpopulation fragmentation is recent 

and harmful, or an ancient pattern that is unlikely to influence extinc- 

tion risk. 

Delineation of both subpopulations and ESUs can also assist with 

prioritizing site-based protection measures, from local to regional 

scales. Many conservation initiatives are focused on site-based pro- 

tection (e.g., 30 × 30, Protected and Conserved Areas; CBD 2022 ), 

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biag042#supplementary-data
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Box 3: Black wildebeest ( Connochaetes gnou ). 

In this box, we present the results of all the tested candidate scenarios for the black wildebeest ( Connochaetes gnou ). Background information and 

detailed testing output are provided in the supplemental material , Section A. The best-supported candidate scenarios are visualized in figure 4 . 

Phase 1 : Only the null hypothesis (a single metapopulation) is tested: 
Metapopulation scenario ( = null hypothesis): Genetic analyses using mitochondrial DNA (Corbet and Robinson 1991 ) and microsatellites (Grobler et 

al. 2018 ) showed no clustering, suggesting one single metapopulation, with ongoing migration and no barriers to gene flow (Vrahimis et al. 2016 ). No 

indirect evidence was available to indicate the absence of fragmentation. Thus, this scenario is supported mainly by a lack of genetic structure and a 

lack of biogeographic isolation. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Null hypothesis 

- a single metapopulation 
Is there evidence of genetic structure? ( 2 points ) No 

Are there records of non-human-mediated isolation or subpopulation 
fragmentation (through migration barriers)? ( 2 points ) 

No 

Is there indirect evidence of likely subpopulation fragmentation? ( 1 point ) No data 

Final scores 4 points 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Interpretation of Phase 1: Overall, the one metapopulation scenario scored 4/4, exceeding the threshold and supporting the null hypothesis that 
the black wildebeest represents a single genetic metapopulation and thus a single ESU, with no progression to Phase 2. 

[h] 

Black wildebeest (Connochaetes gnou)
Phase 1: Identify subpopulations - specifically testing for 1 Metapopulation

Scenario with 1 genetic Metapopulation scores 4/4 

Genetic
structure

2/2

Isolation/
Migration barriers

2/2

Inferred 
geographic

patterns
m (0/0)

1 genetic metapopulation based on:
1) no evidence of genetic clusters within the 
distributional range 
2) no subpopulation fragmentation, continuous 
distribtiuon with migration between all regions

Null-hypothesis 
The Black wildebeest can be considered 1 ESU.

Wildebeest distribution

us

U.

Wildebeest distribut

Figure 4 Visual summary of the best-supported scenarios for Phase 1 and Phase 2 of the black wildebeest ( Connochaetes gnou ) case study. The 

top panel summarizes the evidence categories and scores. Categories with insufficient data are subdued in color and assigned m for missing and are 

given 0 points. The lower panel presents a schematic illustrating the outcomes for each best-supported scenario. The blue polygon represents the 

metapopulation distribution within South Africa. Further details are provided in supplemental material , Section A. Alt text: Figure showing assessment 

of Black wildebeest (Connochaetes gnou) identifying a single genetic metapopulation across South Africa. Evidence scores indicate strong support 

(4/4), with no genetic clustering or fragmentation. Map shows continuous distribution with individuals spread across one connected range. 
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here understanding the irreplaceability and vulnerability of in- 

ividual sites is essential. The 30 × 30 target, adopted under the 

BD’s KMGBF, calls for the effective conservation and management 

f at least 30% of the world’s terrestrial, inland water, and marine 

reas by 2030, emphasizing not only the extent but also the eco- 

ogical representativeness, connectivity, and equitable governance 

f protected and conserved areas. Identifying which ESUs and sub- 

opulations are present can help highlight differences in conserva- 

ion value across a species’ range, ensure that unique components 

f interspecific diversity are not overlooked, and provide an early 

ndication of sites that may become conservation priorities in the 

uture. 

The primary IUCN tool recently developed to support site priori-

tization is the “Global Standard for the Identification of Key Biodi-

versity Areas” (also known as KBAs; IUCN 2016 ). Although ESUs of-

ten span multiple KBAs, standardized delineation of both subpopula-

tions and ESUs could provide additional evidence for identifying such

areas under several criteria. In particular, KBA criteria A1, B1, and

B2 identify sites that support significant proportions of global pop-

ulations of threatened species (A1), single geographically restricted

species (B1), or multiple geographically restricted species (B2). Infor-

mation on distinct subpopulations and ESUs can strengthen the as-

sessments of KBAs by highlighting sites that support unique or irre-

placeable genetic and evolutionary diversity. Such information may
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lso contribute to assessments under criteria D and E, which con- 

ider the relative biodiversity value of sites supporting species that 

re not currently threatened or range-restricted, and can inform site- 

evel management by helping to avoid actions that may erode locally 

dapted or evolutionarily distinct genetic units. 

Importantly, delineating subpopulations and ESUs can help identify 

nits experiencing different threats across a species’ range. Recogniz- 

ng these differences allows for unit-specific assessments of extinc- 

ion risk or recovery, highlighting subpopulations that may require 

argeted conservation actions. This approach enhances the utility of 

he third level of IUCN assessments, ensuring that management pri- 

rities reflect both the evolutionary and ecological realities of within- 

pecies variation. Moreover, the units identified through this frame- 

ork represent a first step toward linking ecological and evolution- 

ry groupings to quantitative genetic indicators, such as the headline 

ndicator accepted under the KMGBF—Ne500, the proportion of popu- 

ations with an effective population size greater than 500 individuals. 

y defining biologically meaningful units in Phase 1, these groupings 

ould subsequently serve as the basis for estimating effective popula- 

ion sizes and monitoring genetic diversity at scales relevant for con- 

ervation action. 

In this paper, we outlined a two-phase framework to standardize 

he delineation of both subpopulations and ESUs by integrating ge- 

etic and non-genetic evidence. By providing a consistent approach 

o recognize biologically meaningful within-species units, the frame- 

ork can complement existing IUCN assessments, offering additional 

ontext on species’ genetic structure and evolutionary processes. Such 

nformation could inform conservation priorities, support more nu- 

nced interpretation of recovery or extinction risk indicators, and 

ontribute to efforts at maintaining and enhancing global genetic di- 

ersity. 
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