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Abstract  191 

 192 

The International Union for Conservation of Nature (IUCN) sets global conservation standards, 193 

including the Red List of Threatened Species and the Green Status of Species. Recent analyses 194 

showed that genetic diversity has not been effectively considered by IUCN species 195 

assessments, despite being fundamental to species’ fitness and adaptive potential. 196 

Incorporation of genetic diversity into IUCN assessments can support its successful long-term 197 

conservation. To enhance the preservation of genetic diversity, assessments should include 198 

genetically meaningful within-species units. Subpopulations are recognized units by the IUCN 199 

for protecting natural connectivity, however infrequently evaluated. Evolutionarily Significant 200 

Units (ESUs) are currently not recognized as a formal unit by the IUCN. However, 201 

incorporating ESUs into conservation frameworks could significantly enhance our capacity to 202 

identify and protect adaptive genetic diversity. To facilitate inclusion of these units in IUCN 203 

assessments, we outline a widely applicable framework for their identification that uses non-204 

molecular and molecular data for global accessibility. 205 
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Key terms 

 

Subpopulations in the International Union for Conservation of Nature (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 migrant individual 

or gamete per year or less (IUCN, 2024a); . Subpopulations are similar to the population unit 

used for genetic diversity monitoring within the CBD Kunming-Montreal Global 

Biodiversity Framework (CBD, 2022; Hoban et al., 2020). However, the term population has 

a very different meaning within the IUCN framework (see below).  

 

A population within the IUCN Red List framework is the total number of individuals in a 

taxon. This can encompass an entire species or refer only to a subspecies (IUCN, 2024a). 

Population size refers only to mature individuals in IUCN assessments. Due to the multiple 

definitions of this term, we have avoided it in the remainder of this manuscript.  

 

Evolutionarily Significant Units “ESUs” are lineages demonstrating highly restricted gene 

flow from other such lineages within the higher organizational level (lineage) of species 

(Fraser & Bernatchez, 2001). Due to limited gene flow, these subpopulation networks follow 

their own evolutionary trajectory and thus house unique adaptive genetic diversity (Funk et 

al., 2012). 

 

Allelic diversity is a measure of genetic diversity and refers to the number of different alleles, 

variants of DNA sequences at a specific location on the genome—i.e., locus—in a group of 

individuals.  

 

Heterozygosity is the proportion of individuals with different alleles at a locus.  

Heterozygosity is often reported as an average (across loci or individuals) within a genetic 

unit (e.g., subpopulation) or sampling location.  

 216 

Why list Subpopulations and Evolutionarily Significant Units in IUCN assessments? 217 

 218 

Genetic diversity underpins fitness, resilience, and adaptive potential (Hughes et al., 2008; 219 

Meek et al., 2023; Reed & Frankham, 2003) and is closely linked with species extinction risk. 220 

Though understanding of genetic diversity’s role in the resilience of wild species and their 221 

ecosystems goes back to the foundation of evolutionary thought (e.g., Charles Darwin’s 222 

“tangled bank” in the Origin of Species 1859), it was not until 2022 that protection of genetic 223 

diversity in wild species was comprehensively included in global conservation targets (Target 224 

4 of the UN Convention on Biological Diversity Kunming-Montreal Global Biodiversity 225 

Framework) (CBD, 2022). However, genetic diversity remains rarely considered in other 226 

global conservation programs (e.g., neglected in protected area design (Paz-Vinas et al., 2023), 227 

https://www.zotero.org/google-docs/?74wSov


 

 

species recovery plans (Pierson et al., 2016), in IUCN assessments (Schmidt et al., 2023), and 228 

in recent policy like the European Union Nature Restoration Law (O’Brien et al., 2024)).  229 

 230 

Genetic diversity is in decline globally, with irreversible allelic diversity and heterozygosity 231 

loss recorded in wild species (Exposito-Alonso et al., 2022; Leigh et al., 2019; Shaw et al., 232 

2025). Human activities are frequently leading to the extirpation of entire subpopulation 233 

networks (Ceballos et al., 2017; Mastretta-Yanes et al., 2024), which likely harboured local 234 

adaptations and distinct alleles, thus representing loss of unique evolutionary trajectories. The 235 

full effects and extent of genomic erosion are difficult to assess because they are not always 236 

instant (Pinto et al., 2024). For example, impacts on fitness may become realized only during 237 

environmental change (Gargiulo et al., 2024). Nevertheless, it is clear that genetic diversity 238 

loss is decreasing species fitness, reducing adaptive potential and the capacity to respond to 239 

change. We are in an era of rapid environmental change where species must adapt to persist, 240 

and enhancing the integration of genetic diversity into global conservation programs and 241 

policies can improve species persistence.  242 

The International Union for Conservation of Nature (IUCN) and its Red List (a catalogue of 243 

over 163,000 species) is the international standard in assessing the extinction risk of species. 244 

Extinction risk is calculated based on the best available information on occupation of the focal 245 

species’ historical range, census size and trends, habitat quality and fragmentation level (IUCN, 246 

2024a); genetic diversity is not explicitly considered. In the more recently established IUCN 247 

Green Status of Species (IUCN, 2021), the recovery to species census size observed prior to 248 

major human impacts is assessed as a measure of conservation success. Genetic diversity is 249 

also not yet explicitly considered, but is present in the text of some Green Status assessments 250 

(e.g., Alpine ibex; (Brambilla et al., 2020).  251 

Due to the omission of genetic diversity from assessment criteria, there is no clear linear 252 

relationship between levels of genetic diversity and IUCN conservation status (Red List 253 

extinction risk category) (Brüniche-Olsen et al., 2021; Díez-del-Molino et al., 2018; Jeon et al., 254 

2024). Species across each IUCN threat category show signs of loss of genetic diversity (Leigh 255 

et al., 2019; Mastretta-Yanes et al., 2024; Shaw et al., 2025). Furthermore, species that have 256 

undergone profound, irreversible genetic diversity loss have received high Green Status 257 

recovery scores, despite persistent risk of inbreeding and limited adaptive capacity (e.g., Alpine 258 

Ibex; Brambilla et al., 2020). The consequences of this mismatch are that species’ extinction 259 

https://www.zotero.org/google-docs/?0oN5Wq


 

 

risk is often underestimated, likely fuelling suboptimal conservation management decisions 260 

(Jeon et al., 2024; Schmidt et al., 2023). 261 

The lack of genetic diversity inclusion in IUCN assessment criteria represents a challenging 262 

oversight to resolve (Schmidt et al., 2023; van Oosterhout, 2024). Globally, <1.5% of species 263 

on the IUCN Red List have publicly accessible nuclear genetic or genomic data (Paz-Vinas et 264 

al., 2023). Consequently, directly incorporating molecularly-derived genetic diversity metrics 265 

into IUCN assessments is not widely implementable at this point. However, this does not mean 266 

that steps to improve genetic diversity safeguarding are unattainable. The recently adopted 267 

genetic indicators in the Kunming-Montreal Global Monitoring Framework (GBF) provide 268 

equitable access to genetic diversity protection without necessarily requiring molecularly-269 

derived information (Hoban et al., 2025; Mastretta-Yanes et al., 2024). These indicators focus 270 

on maintaining genetic diversity through protection of evolutionary processes. Here we 271 

propose to apply a similar approach into IUCN assessments to improve genetic diversity 272 

protection in a globally accessible manner.  273 

Conservation-relevant evolutionary genetic processes can be categorized into two 274 

spatiotemporal scales (Figure 1). First, short-term processes (gene flow and genetic drift) shape 275 

the genetic structure of species over tens of generations across subpopulations. Second, longer-276 

term processes of environmental adaptation (i.e., natural selection) and the accumulation of 277 

alleles through mutation shape the evolutionary trajectory of a species across distinct networks 278 

of several subpopulations. These latter distinct networks are “Evolutionarily Significant Units” 279 

(hereafter ESUs) (Allendorf et al., 2022). Protecting subpopulations and ESUs within IUCN 280 

assessments could help to protect evolutionary genetic processes, representing a significant 281 

step towards genetic diversity safeguarding. Notably, ESUs are demographically independent 282 

within-species units and as a separate considered level also offers a more accurate 283 

representation of extinction risk. While an entire species may have a healthy census size, 284 

natural ESU subdivisions will translate to much smaller demographic units. A species with five 285 

ESUs could have a total census size of 10 thousand and be considered low risk, but within that 286 

there could be ESUs with 10s or 100s of individuals, which are at very high risk of extinction. 287 

 288 

 289 



 

 

A history of dividing species into Evolutionarily Significant Units:  

While IUCN-defined subpopulations are unique to the assessment framework, ESUs have a 

longstanding history in conservation genetics. ESUs generally represent a single 

subpopulation or a network of subpopulations with high genetic and ecological 

distinctiveness meriting protection (Crandall et al., 2000; Funk et al., 2012; Moritz, 1994; 

Robertson et al., 2014). The term ESU was first conceptualized by Ryder (1986) as a subset 

of unique genetic attributes within a species important for present and future generations. In 

order to identify such unique genetic attributes and delineate ESUs within species, Ryder 

(1986) suggested using a combination of genetic data, geographic distribution data, life 

history information and morphometrics.  

 

In subsequent years, others proposed varying definitions and criteria to identify ESUs and 

separated species into conservation-relevant units (overview in Fraser & Bernatchez, 2001). 

ESU concepts and delineations ranged from reproductive isolation (based on e.g., life history 

patterns, genetic structure, habitat occupancy; Waples, 1991) to reciprocal monophyly based 

on mitochondrial DNA and significant divergence of allele frequencies (Moritz, 1994). With 

the era of genomics, definitions were adapted to genomic measures to enable a more direct 

assessment of adaptive genetic diversity (e.g., Funk et al. 2012). Conflicting views arose 

about the use of genetics alone to separate species into manageable conservation units (e.g., 

Moritz, 1994). Ecological factors, such as habitat specialization or behavioral differences, 

play a role in the significance of subpopulation networks and might be overlooked if genomic 

data alone are used to determine ESUs. A more holistic approach is to use genetic and non-

genetic metrics depicting adaptive diversity and other evolutionary processes to identify 

ESUs (e.g., Crandall et al. 2000; de Guia & Saitoh 2007; Fraser & Bernatchez 2001; Funk 

et al. 2012; Robertson et al. 2014). Considerable challenges around the term and use of ESUs 

range from debates over defining criteria or ‘frameworks’, to broader implications for 

conservation policy and resource allocation. Subjectivity in defining criteria for ESUs (e.g., 

genetic vs. ecological ones) is a longstanding issue that has resulted in a lack of 

standardization in the term’s application. Standardization has thus far failed due to the 

multidisciplinary nature of conservation science, and because scientists from different 

disciplines have seen value in defining and using ESUs with different approaches and 

underlying data-types. These inconsistencies limit cross-comparability, impacting 



 

 

conservation prioritizing efforts and value assessments (Allendorf et al., 2022; Robertson et 

al., 2014), but could be resolved through the acceptance of standardized frameworks.  

 

Despite their complex history, ESUs represent units with unique genetic characteristics 

whose protection can help to ensure the genetic diversity of a species (or multiple species; 

Black et al. 2024). ESUs also have their own evolutionary trajectory and may occupy unique 

or different ecological niches to other units within their species. Thus, protecting ESUs helps 

maintain evolutionary processes beyond the unit and species by supporting ecosystem 

function. 

 290 

The IUCN Red List currently assesses species’ extinction risk at three levels: entire species, 291 

subspecies, and subpopulations. Subspecies are scientifically controversial for many reasons 292 

(Starrett, 1958), but the most relevant is that they often fail to reflect within species genetic 293 

units (e.g., Cape parrot, Coetzer et al., 2015); Leopard skink, Prates et al., 2023). While 294 

subpopulations can reflect important units for genetic diversity protection, less than 5% of 295 

species have subpopulations on the IUCN Red list (Janet Scott, Programme Officer at IUCN, 296 

written communication, April 2024) because their identification remains unstandardized.  297 

Here, we describe how the incorporation of ESUs into IUCN listing level can better reflect 298 

within-species units and protect adaptive processes. To aid their inclusion, we have developed 299 

a comprehensive and flexible framework for standardized ESU identification. We also propose 300 

a standardized methodology that can be applied to improve subpopulation identification in 301 

IUCN-based species assessments (Red List and Green Status) and greater genetic diversity 302 

safeguarding. Integrating ESUs into the Red List would be a long-term effort, requiring 303 

additions to the assessment criteria that we outline at the end of this article, but could be more 304 

readily built into Green Status development.  305 

 306 



 

 

 307 

Figure 1 - Within the IUCN assessment guidelines, listing of distinct groups can occur at 308 

species- (top panel), subspecies- (not shown), or subpopulation (middle panel) levels. We 309 

suggest the inclusion of Evolutionarily Significant Units “ESUs” (bottom panel). Note that one 310 

or several subpopulations together can form an ESU. The current definition of subpopulation 311 

(and subspecies) includes situations where there is a wide range in the level of gene flow 312 

between the proposed groupings, from none to substantial. The addition of an ESU category 313 

would create a division only when gene flow is highly restricted or absent. In this cartoon 314 

example of a fictional frog species, gene flow is restricted by geographical barriers (e.g., 315 

mountains), but in reality, natural gene flow restriction can be created by a wide variety of 316 

factors. 317 

 318 



 

 

Subpopulation and ESU standardized framework 319 

 320 

The framework that we outline for standardized identification of subpopulations and ESUs has 321 

two steps: first, identifying genetically meaningful subpopulations and, second, grouping these 322 

into ESUs. Though we recognize the existence of several ESU frameworks (e.g., Fraser & 323 

Bernatchez, 2001; Funk et al., 2012), a framework using multiple lines of evidence is necessary 324 

for objective and standardized identification of IUCN-relevant subpopulations.  325 

 326 

Three types of data are used in this delineation framework: genetic, recorded biological and 327 

inferred evidence (Figure 2A). Genetic evidence derives from genetic or genomic markers 328 

(e.g., single nucleotide polymorphisms [SNPs], microsatellites, mitochondrial haplotypes) and 329 

is leveraged to assess differentiation and/or evolutionary distinctiveness of groups within a 330 

species. Recorded biological evidence does not require genetic data (e.g., observed 331 

biogeographic patterns, variation in transmitted traits) and comes directly from individuals in 332 

the assessed focal species. Inferred evidence also does not require genetic data and is not 333 

directly observed in the focal units, e.g., is deduced from biogeographic patterns based on 334 

modelling techniques. To guide assessors, we have comprehensively listed categories, specific 335 

analyses within each evidence-type and data that can be used (Table 1).  336 

 337 
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 338 

 339 

Figure 2 - Lines of evidence A) and the Two-phase framework B) to assess the strength of evidence for subpopulations and Evolutionarily Significant Units 340 
(ESUs). Different lines of evidence are highlighted in colour (dark green, green and blue). Scores for each line of evidence are indicated in the boxes and reflect 341 
the informative value of each line of evidence to the likelihood of subpopulations and ESU(s) being distinct, with higher scores indicating increased support. 342 
The framework is worked in candidate ‘scenarios’, determined by conflicting evidence of the presence of subpopulations for the assessed species. Each scenario 343 
should be scored separately.344 



 

 

Table 1 - Lines of evidence used in the two-step framework to delineate subpopulations and ESUs.  345 
For each line of evidence, a description and example methods to assess lines of evidence are 346 
described. For each line of evidence example studies and the score given are mentioned.  347 
 348 

Types of 

evidence 

Description  Example methods of 

assessments 

Example studies 

using lines of 

evidence* 

Score  

Genetic evidence       

Genetic 

structure 

(Phase 1) 

Substantial genetic 

structure and 

fragmentation mostly 

determined by 

limited gene flow 

between 

subpopulations.  

Structure-like analyses, 

differentiation statistics 

(pairwise Fst values), 

private alleles within 

subpopulations.  

e.g., Abbott & 

Double, 2003 

2 

Karyotype, 

ploidy, and 

chromosome 

structure 

variation 

(Phase 2) 

Documented 

heritable differences 

in chromosome 

number, ploidy, or 

chromosome 

structure between 

candidate ESUs.  

Evidence of heritable 

differences from 

cytogenetic analysis and 

structural variant detection 

software and/or evidence 

of no/rare/unfit hybrids 

between proposed units. 

 

e.g., Ahrens et al., 

2020; Ferreira et 

al., 2017; 

Hollenbeck et al., 

2022 

 

6 

Evolutionary 

distinctiveness 

(Phase 2) 

Genetic evidence of 

reproductive 

isolation, due to 

highly restricted or 

no gene flow 

between focal ESUs 

that may have fuelled 

evolutionary 

distinctiveness. 

Long evolutionary 

divergence times and/or 

reciprocal monophyly. In 

complex cases follow 

statistical support (above 

75% support on branches 

that define a clade), derived 

from a statistically valid 

evolutionary model and tree-

building approach. 

e.g., Moritz, 1994; 

Moritz & Faith, 

1998; Walsh et al., 

2024 

6 

Adaptive 

divergence 

(Phase 2) 

Robust genetic 

evidence of candidate 

ESUs harbouring 

unique local 

adaptation(s) driven 

by selection (e.g., 

environmental, 

sexual selection) that 

are not shared with 

other ESUs. 

Robust genomic signals of 

local adaptations or stable 

hybrid zones. 

e.g., Bonin et al., 

2007; Rodríguez-

Quilón et al., 2016 

6 



 

 

Recorded biological evidence       

Isolation and 

barriers to 

migration 

(Phase 1) 

Subpopulations show 

evidence of isolation 

(i.e., long-term signs 

of restricted gene 

flow due to 

geographic, 

environmental, or 

temporal differences) 

between them. 

Alternatively, 

subpopulations show 

evidence of recently 

restricted gene flow 

due to human 

mediated change 

(e.g., habitat 

fragmentation, 

extirpation of 

connecting 

subpopulations etc). 

 

Occupation of different 

biogeographical zones. 

Occupation of discrete 

remnants of historical 

habitats with little to no 

chance of natural migration 

between habitat patches.  

e.g., Hewitt, 2004; 

Lorenzen et al., 

2012 

2 

Inherited 

characteristic 

variation 

(Phase 2) 

Candidate ESUs 

show consistent 

heritable differences 

in life history or 

ecologically/species 

important traits (e.g., 

body size, colour, 

breeding time, use of 

spawning grounds). 

Heritable differences in 

focal traits observed in 

common garden 

experiments or other robust 

analytical tests (e.g., cross 

fostering). 

e.g., Small et al., 

1998; Wainwright 

et al., 2008 

4 

Recorded 

characteristic 

variation  

(Phase 2) 

Candidate ESUs 

show consistent 

differences in traits 

that are locally 

transmitted but not 

robustly shown to be 

heritable (acquired 

behavioural or 

phenotypic 

differences; 

environmentally 

modified traits).  

Traits differ between units 

but may be acquired or 

transmitted (non-genetic). 

For example, cultural 

and/or learnt behavioural 

differences like foraging 

techniques, alternative 

migration routes, regional 

birdsong ‘dialects’; 

methylation differences; 

body size differences). 

 

e.g., Gu et al., 

2021; Lundberg et 

al., 2017; Sanchez-

Donoso et al., 

2022; Toews et al., 

2019 

 2 



 

 

Traditional 

knowledge 

(Phase 2) 

Distinctiveness 

between candidate 

ESUs based on 

indigenous, local, or 

traditional 

knowledge. 

Recorded information that 

stems from indigenous or 

local knowledge 

(according to the IUCN 

ILK framework, IUCN, 

2022). This encompasses 

information that is not yet 

statistically analysed, 

information that is 

analysed should be counted 

as inherited or recorded 

characteristics.  

 2 

Inferred evidence       

Inferred 

geographic 

patterns 

(Phase 1) 

Subpopulation 

differentiation and 

fragmentation 

modelled from the 

focal species through 

e.g., species 

distribution modelling 

approaches, or 

measured/ observed 

from closely related 

species. 

Subpopulation disjunction, 

phylogeographic and/or 

biogeographic evidence 

from co-occurring species 

used as a proxy, assumption 

of biogeographical 

data/refugia without direct 

evidence, dispersal distances 

and buffer (also used in the 

CBD genetic indicators, 

Hoban et al., 2020). 

 1 

 349 

To offer a clear threshold for delimiting subpopulations or ESUs, each line of evidence is given 350 

a score. The value of the score corresponds to the strength of evidence. Scores range from 1 to 351 

6, values of 6 are for evidence-types that offer the strongest support (i.e., genetic/genomic 352 

signals of prolonged reproductive isolation and/or local adaptations). A score of 6 is only 353 

possible in Phase 2 as these differences occur between ESUs. Scores of 4 and 2 are given to 354 

strongly suggestive lines of evidence that reflect genetic divergence or non-molecular signs of 355 

local adaptation. A score of 1 is given to data that are entirely inferred, such as information 356 

from projections (e.g., maps, species distribution models) or information inferred from closely-357 

related species. This is a common, but high-risk evidence-type, and its low score reflects this 358 

associated risk. The relative weighting of evidence-types reflects the IUCN’s nature of 359 

evidence rule for assessment criteria (see IUCN, 2024a). The framework does not allow for 360 

fractions or partial scores, scores are in even increments to support quick summing and 361 

development of the tool over time. We have strived to keep tallying the scores as simple as 362 

possible, but a degree of complexity is needed to capture all outcomes. 363 

https://www.zotero.org/google-docs/?SewFiu
https://www.zotero.org/google-docs/?k45sZq
https://www.zotero.org/google-docs/?f7VOFW


 

 

 364 

To determine the number of divisions, assessors should leverage the collected evidence from 365 

the categories detailed in Table 1 and divide the species into the most likely groups of 366 

subpopulations and ESUs, each grouping is called a candidate ‘scenario’. In the case of 367 

conflicting evidence, assessors should divide the species into all different ‘scenarios’ and score 368 

each scenario separately. Different scenarios can be tested for Phase 1 and 2 and subpopulations 369 

can be grouped into a smaller number of ESUs. Comprehensive testing of scenarios based on 370 

existing knowledge, covering e.g., 1-7 subpopulations or ESUs is unnecessary, as many will 371 

be lacking sufficient data. The results of the scenario with the highest score (note this may be 372 

different for ESUs and subpopulations) could be used for listing assessment. When defining 373 

subpopulations please note that subpopulations can also be driven by human-mediated 374 

fragmentation or disruption of gene flow, but ESU divisions are likely to be more ancient.  375 

 376 

To identify distinct subpopulations a total score of ≥2 is required in Phase 1. If multiple 377 

scenarios are tested, the scenario with the highest score is used. If scores are tied, we 378 

recommend choosing the high-score scenario that meets the needs for species management. If 379 

two or more distinct subpopulations are delineated, the assessor then tests for ESUs in Phase 380 

2. The scores from Phase 1 do not carry over to Phase 2, because in Phase 2 new candidate 381 

scenarios can be tested as it is unlikely that the number of subpopulations and ESUs are 382 

identical. A minimum score of 10 is needed to delineate distinct ESUs. This can only be reached 383 

if genetic or genomic evidence is collected for the species (Figure 2B and Table 1). At least 384 

one genetic evidence category is needed as a ‘yes’, coupled with either another genetic 385 

evidence category or with significant differences in inherited or acquired characteristics and/or 386 

traditional knowledge, to support a scenario with distinct ESUs. If less than 10 points are 387 

scored, the candidate scenario can either be regarded as (a) ‘not supported’, because 10 points 388 

cannot be reached or exceeded even if all missing data were supportive of the tested scenario; 389 

or (b) as a ‘possible ESU (pESU)’ scenario, because the minimum threshold of 10 points could 390 

be reached or exceeded if missing data subsequently prove to be supportive of the tested 391 

scenario. However, if a candidate scenario currently only scores in recorded biological 392 

evidence-types (so non-genetic), the scenario should be regarded as ‘data-deficient’ rather than 393 

as a pESU scenario. At the end of Phase 2, assessors should select the scenario with the highest 394 

score. 395 

 396 



 

 

If no candidate scenarios can reach the minimum threshold of two points in Phase 1 or exceed 397 

10 points in Phase 2 (even if missing data could be acquired) the species may comprise a single 398 

subpopulation and therefore a single ESU. Assessors can specifically test a scenario with one 399 

subpopulation (Phase 1) and one ESU (Phase 2). However, for this scenario only points have 400 

to be given if there is compelling evidence for ‘no’ distinctiveness of the tested lines of 401 

evidence within the species (criteria are outlined in Table S1 in the supplementary material, 402 

section A). The same scoring system as for testing multi-subpopulations or -ESU scenarios 403 

applies. 404 

 405 

This framework has already been tested thoroughly on variety of species across different 406 

taxonomic groups (details in the supplementary material, Section B, Table S2) with two 407 

detailed examples shown (Figure 3). The thresholds of 2 points in Phase 1 and 10 points in 408 

Phase 2 are based on the extensive testing with species expressing different data availabilities. 409 

We envision that as the framework is applied, more evidence-types and exceptions will arise, 410 

and the framework could be adjusted accordingly. To facilitate easier application and scoring 411 

we aim in the future to develop a web platform for assessments. In order to test this framework 412 

and further improve it, we aim to test species listed in the IUCN Green Status of Species 413 

framework.   414 

 415 

ESU and subpopulation division - risks and limitations 416 

 417 

Choosing whether or not to split species into smaller units comes with an inherent risk of 418 

‘under- or over-splitting’ that is amplified when non-molecular data are used because genetic 419 

divisions may be cryptic (Frankham et al., 2019). Over-splitting a species into several ESUs 420 

for IUCN assessment could artificially inflate estimated extinction risks. Conversely, under-421 

splitting a species may give a falsely optimistic picture of extinction risk or Green Status that 422 

inhibits species management actions, in turn exacerbating extinction risk and fuelling genetic 423 

diversity loss (Frankham et al., 2019; Liddell et al., 2021). An extensive risk assessment has 424 

been developed for the framework to help assessors balance these challenges (supplementary 425 

material section C). However, balancing the patterns identified with their uncertainty requires 426 

genetic knowledge. Authors conducting molecular research can support managers and 427 

assessors by offering clear lay summaries of their results in their publications and depositing 428 

their data in open access repositories to support reuse (Leigh et al., 2024). In turn assessors can 429 

seek advice from trusted sources during evaluations.  430 



 

 

 431 

Though we have developed our framework specifically to support IUCN assessments, we 432 

acknowledge dividing species into subpopulations or ESUs could unintentionally impact 433 

downstream conservation management decisions. A recent meta-analysis showed there is a 434 

strong historical tendency in conservation management to define units as genetically distinct 435 

through data misinterpretation and/or weak or no evidence (Liddell et al., 2021). These 436 

divisions have previously led to erroneously isolated units that unnecessarily increased 437 

extinction risk (e.g., Perameles gunni; Weeks & Rypalski, 2021). Based on the history of 438 

genetic unit mismanagement, we strongly stress that division of species into subpopulations or 439 

ESUs does not necessarily indicate a need to manage units in isolation (e.g., Senn et al., 2014). 440 

Identifying within-species units can help conservation managers by supporting ex-situ 441 

management or conservation translocation evaluation. They also support targeted actions 442 

designed to restore connectivity e.g., by identifying appropriate source subpopulations or 443 

ESUs, and generating evidence to consider when deciding whether mixing or separate 444 

management is the best way to achieve a conservation goal (Liddell et al., 2021). 445 

 446 

In the future, advances in genomics will provide us with deeper biological insights that could 447 

be relevant to management. For example, genetic load consists of deleterious alleles whose 448 

frequency and presence can vary across isolated genetic units. Undoubtedly, genomic diversity 449 

could become increasingly important for the effective management of ESUs (Dussex et al., 450 

2023). Nevertheless, we have not yet included genetic load as a criterion in this framework, 451 

because it remains challenging to identify and is less relevant for ESUs delineation, which 452 

focuses on the evolutionary heritage that conservation managers aim to preserve (van 453 

Oosterhout et al., 2025). 454 

 455 

How Evolutionarily Significant Units could fit into existing IUCN Frameworks? 456 

 457 

The framework proposed here is intended to support the integration of subpopulations and 458 

ESUs in existing IUCN frameworks in a standardized fashion (Red List and Green Status of 459 

Species). We note that the inclusion of ESUs will not impact the stability of the Red List nor 460 

impede temporal comparisons because it represents a new listing level that could receive its 461 

own status separate from the species status as a whole, subspecies or subpopulation status 462 

(IUCN, 2024a). Within the IUCN Red List, these within-species units could be listed under the 463 

taxonomy section and could help to ensure a standardized way to reference and acknowledge 464 

https://www.zotero.org/google-docs/?9uoCPM


 

 

the value of within-species genetic diversity. Separate extinction risk assessments of ESUs 465 

could add value beyond existing Regional, National and subspecies Red Listings. For the IUCN 466 

Green Status of Species framework (IUCN, 2021), ensuring retention of historical genetic 467 

diversity, in addition to the current goals of recovery of historical species range, could help to 468 

aid long-term species recovery. Once subpopulations or ESUs are delineated, genetic data or 469 

proxies could be incorporated into the Green Status of Species assessment through the 470 

ecosystem functionality score (IUCN, 2024b). 471 

 472 

Figure 3 - Visual summary of a case study assessment of A) the Hawaiian Koa tree (Acacia koa) and 473 
B) the Black Wildebeest (Connochaetes gnou). The case studies contain a summary of the lines of 474 
evidence with missing lines of evidence shown in grey as they were considered as data-deficient. Scores 475 
for each scenario are as a proportion of total possible score (e.g., Phase 1 score 4 points out of 4 476 
possible points tested because there is no data for Inferred geographic patterns). To support 477 
visualisation the lower panel contains a pictorial description of the divisions in the best supported 478 
scenarios. More details are given in the supplementary material, Section B. 479 



 

 

Both phases of this framework also support Red List assessments under Criterion B: species with 

severely fragmented subpopulations, where individuals are found in small and isolated units, and 

thus have an increased risk of extinction (IUCN, 2024a). Severe fragmentation is currently inferred 

from habitat fragmentation alone, but subpopulations belonging to the same ESU showing high 

human-mediated genetic differentiation could be used as an additional form of evidence. 

Furthermore, identification of ESUs could help determine whether subpopulation fragmentation is 

recent and harmful, or ancient and unlikely to impact extinction risk.  

 

Delineation of ESUs can also assist with prioritizing site-based protection measures. Many 

conservation measures are focused around site-based protection (e.g., 30x30, Protected and 

Conserved Areas; (CBD, 2022). Understanding which ESUs are present could help highlight the 

differential conservation value of different sites across a species’ range and ensure that unique 

ESUs are not overlooked and lost. The IUCN tool that has been recently developed to assist with 

the prioritization of sites for protection is the ‘Global Standard for the Identification of Key 

Biodiversity Areas’ (KBAs; IUCN, 2016). The KBA standard uses a species-centric approach. 

Although ESUs are generally likely to span multiple KBAs, a standardized ESU delineation may 

be helpful in adding additional evidence for appropriate delineation of KBAs under the criteria 

(vi) ‘distinct genetic diversity’ measure of criteria A1, B1 & B2 (Threatened species, Individual 

and co-occurring geographically restricted species). The standardized ESU delineation may also 

support relative value assessments of KBAs for species that are not threatened or range-restricted 

(i.e., to be delineated under criteria D&E). 

 

In this paper we outlined a two-step framework to standardize and delineate subpopulations and 

ESUs by integrating genetic and non-genetic (recorded biological and inferred) evidence. 

Implementation of this framework could support incorporation of unique and meaningful genetic 

units in species assessments. This information is critical to inform conservation priorities and assist 

in slowing global genetic diversity decline.  
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A) Scoring scheme for testing 1 subpopulation and 1 ESU - details and examples 

 

This section is to provide more details and examples to the scoring system of the two-step framework 

for subpopulation and ESU delineation. The developed framework is standardized for scenarios with 

several subpopulations and ESUs. However, in case assessors only want to test 1 subpopulation in Phase 

1 as the null hypothesis or only 1 ESU in Phase 2, the way information is scored (points given) have to 

be adjusted (see Table S1). 

 

Table S 1 - Adjustments to the lines of evidence used in the two-step framework to delineate subpopulations and 

ESUs, when only testing for 1 subpopulation (in Phase1) or 1 ESU (Phase 2). 

 

Types of 

evidence 

Description  Example methods of 

assessments of 1 

subpopulation/ESU 

Example 

studies using 

lines of 

evidence 

Score  

Genetic evidence 

  

     

Genetic 

structure 

(Phase 1) 

To provide support for 

the presence of only 

one subpopulation, 

there should be 

compelling evidence 

for absence of genetic 

structure. 

Structure-like analyses, 

differentiation statistics 

(pairwise FST values), 

private alleles within 

subpopulations.  

e.g., Abbott & 

Double, 2003 

No genetic 

structure = 2 

Karyotype, 

ploidy, and 

chromosome 

structure 

variation 

(Phase 2) 

To provide support for 

the presence of only 

one ESU, 

chromosome variation 

can be present within 

a species but should 

not be coupled with 

consistent spatial 

variation or unfit 

hybrids. 

Evidence of heritable 

differences from cytogenetic 

analysis and structural 

variant detection software 

coupled with evidence of 

no/rare/unfit hybrids 

between proposed units.  

e.g., Ahrens et 

al., 2020; 

Ferreira et al., 

2017; 

Hollenbeck et 

al., 2022 

No variation = 

6 

https://www.zotero.org/google-docs/?aIqiWi
https://www.zotero.org/google-docs/?aIqiWi
https://www.zotero.org/google-docs/?MYaULT
https://www.zotero.org/google-docs/?MYaULT
https://www.zotero.org/google-docs/?MYaULT
https://www.zotero.org/google-docs/?MYaULT
https://www.zotero.org/google-docs/?MYaULT
https://www.zotero.org/google-docs/?MYaULT


 

 

Evolutionary 

distinctiveness 

(Phase 2) 

To provide support for 

the presence of only 

one ESU, the species 

should be a well-

connected 

metapopulation with 

no signs of restricted 

gene flow.  

Long evolutionary divergence 

times and/or reciprocal 

monophyly.  In complex 

cases follow statistical 

support (above 75% support 

on branches that define a 

clade), derived from a 

statistically valid evolutionary 

model and tree-building 

approach. 

e.g., Moritz, 

1994; Moritz & 

Faith, 1998; 

Walsh et al., 

2024 

No evolutionary 

distinctiveness 

= 6 

Adaptive 

divergence 

(Phase 2) 

To provide support for 

the presence of only 

one ESU, there should 

be evidence 

confirming there is no 

local adaptation 

across different parts 

of the species range. 

Robust genomic signals of 

local adaptations or stable 

hybrid zones. 

e.g., Bonin et al., 

2007; Rodríguez-

Quilón et al., 

2016 

No adaptive 

divergence = 6 

Recorded biological evidence 

  

     

Isolation and 

barriers to 

migration 

(Phase 1) 

To provide support for 

the presence of only 

one subpopulation, 

there should be 

evidence of a 

continuous occupation 

of the range with 

frequent migration 

between all regions. 

Occupation of different 

biogeographical zones. 

Occupation of discrete 

remnants of historical 

habitats with little to no 

chance of natural migration 

between habitat patches.  

e.g., Hewitt, 

2004; Lorenzen 

et al., 2012 

No isolation 

and barriers = 

2 

Inherited 

characteristic 

variation 

(Phase 2) 

To provide support for 

the presence of only 

one ESU, there should 

be evidence that there 

are no heritable 

differences in 

important traits across 

the species range. 

Heritable differences in 

focal traits observed in 

common garden 

experiments or other robust 

analytical tests (e.g., cross 

fostering). 

e.g., Small et al., 

1998; 

Wainwright et 

al., 2008 

No inherited 

characteristics 

= 4 

https://www.zotero.org/google-docs/?3UPCkU
https://www.zotero.org/google-docs/?3UPCkU
https://www.zotero.org/google-docs/?3UPCkU
https://www.zotero.org/google-docs/?3UPCkU
https://www.zotero.org/google-docs/?3UPCkU
https://www.zotero.org/google-docs/?uJy6WI
https://www.zotero.org/google-docs/?uJy6WI
https://www.zotero.org/google-docs/?uJy6WI
https://www.zotero.org/google-docs/?uJy6WI
https://www.zotero.org/google-docs/?fnZQGF
https://www.zotero.org/google-docs/?fnZQGF
https://www.zotero.org/google-docs/?fnZQGF
https://www.zotero.org/google-docs/?m9ZFgm
https://www.zotero.org/google-docs/?m9ZFgm
https://www.zotero.org/google-docs/?m9ZFgm
https://www.zotero.org/google-docs/?m9ZFgm


 

 

Recorded 

characteristic 

variation  

(Phase 2) 

To provide support for 

the presence of only 

one ESU, there should 

be evidence of no 

differences in traits 

across the species 

range. 

Traits differ between units 

but may be acquired or 

transmitted (non-genetic). 

For example, cultural and/or 

learnt behavioural 

differences like foraging 

techniques, alternative 

migration routes, regional 

birdsong ‘dialects’; 

methylation differences; 

body size differences. 

 

e.g., Lundberg 

et al., 2017; 

Sanchez-

Donoso et al., 

2022; Toews et 

al., 2019 

 No recorded 

characteristics 

= 2 

Traditional 

knowledge 

(Phase 2) 

To provide support for 

the presence of only 

one ESU, there should 

be knowledge that all 

individuals across the 

range are similar and 

freely interbreed or 

move.    

Recorded information that 

stems from indigenous or 

local knowledge (according 

to the IUCN ILK 

framework, IUCN 2022). 

This encompasses 

information that is not yet 

statistically analysed, 

information that is analysed 

should be counted as 

inherited or recorded 

characteristics.  

 No differences 

according to 

traditional 

knowledge = 2 

Inferred evidence 

  

     

Inferred 

geographic 

patterns 

(Phase 1) 

To provide support for 

the presence of only 

one subpopulation, 

models should show 

evidence that there is no 

differentiation or 

fragmentation.  

Subpopulation disjunction, 

phylogeographic and/or 

biogeographic evidence from 

co-occurring species used as a 

proxy, assumption of 

biogeographical data/refugia 

without direct evidence, 

dispersal distances and buffer 

(also used in the CBD genetic 

indicators, Hoban et al., 2020) 

 No inferred 

geographic 

patterns = 1 

  

https://www.zotero.org/google-docs/?aPEI7b
https://www.zotero.org/google-docs/?aPEI7b
https://www.zotero.org/google-docs/?aPEI7b
https://www.zotero.org/google-docs/?aPEI7b
https://www.zotero.org/google-docs/?aPEI7b
https://www.zotero.org/google-docs/?aPEI7b
https://www.zotero.org/google-docs/?wnJ9Te
https://www.zotero.org/google-docs/?QaKBqB


 

 

B)  Detailed information on Case studies 

 

1) List of species tested with the proposed framework 

 

Table S 2 – List of species tested with the proposed framework. Each of those species was tested thoroughly with 

different candidate scenarios. The high scoring scenarios are now described here and points given for Phase 1 and 

2 are indicated. Points are displayed the following scored points/evaluated points (= lines of evidence with 

available data). 

Species Phase 1 Phase 2 Data available  

Common Eland 

(Tragelaphus oryx) 

2 subpopulations 

(4/4 points) 

1 ESU 

(12/18 points)  

Mitochondrial DNA 

Cape Mountain Zebra  

(Equus zebra) 

2 subpopulations 

(4/4 points) 

2 possible ESUs 

(8/14 points) 

Mitochondrial and 

microsatellite data 

Cape buffalo  

(Syncerus caffer) 

2 subpopulations  

(4/4 points) 

2 ESUs  

(22/22 points) 

Nuclear genomes, 

mitochondrial DNA 

Rodriques fruit bat  

(Pteropus rodricensis) 

1 subpopulation 

(4/4 points) 

1 ESU (Null-hypothesis 

confirmed) 

 Microsatellite data 

Iberian lynx  

(Lynx pardinus) 

2 subpopulations 

(2/4 points) 

1 ESU  

(10/16 points = human 

mediated admixture due  

to captive breeding and 

translocations) 

Microsatellite and  

WGS (whole-genome 

sequencing) data 

African penguin  

(Spheniscus demersus) 

1 subpopulation 

(2/4 points) 

1 ESU (Null-hypothesis 

confirmed) 

Microsatellite data 

Western leopard toad 

(Sclerophrys pantherine) 

4 subpopulations 

(2/4 points) 

2 possible ESUs 

(6/12 points) 

Mitochondrial and 

microsatellite data 

Yellow-tufted honeyeater  

(Lichenostomus melanops) 

2 subpopulations 

(4/4 points) 

2 possible ESUs  

(8/14 points) 

Microsatellite data 

Sable Antelope 

(Hippotragus niger) 

5 subpopulations 

(4/4 points) 

5 possible ESUs 

(6/16 points) 

Mitochondrial  

genomes 

Black rhinoceros  

(Diceros bicornis) 

7 subpopulations 

(4/4 points) 

7 possible ESUs 

(6/16 points) 

Mitochondrial DNA, 

microsatellites,  

nuclear genomes 

Rewarewa tree 

(Knightia excelsa) 

2 or 4 subpopulations 

(2 scenarios scored 4/4 

points = Assessment 

should be done by 

species experts) 

2 ESUs 

(12/16 points) 

WGS (whole-genome 

sequencing) data 

Hawaiian Koa  

(Acacia koa) 

7 subpopulations 

(4/4 points) 

4 ESUs 

(10/16 points) 

Microsatellite and  

GBS (genotyping-by-

sequencing) data 

Black Wildebeest  

(Connochaetes gnou) 

1 subpopulation 

(4/4 points) 

1 ESU (Null-hypothesis 

confirmed) 

Mitochondrial and 

microsatellite data 

 

 

 



 

 

 

2) Hawaiian Koa (Acacia koa) 

 

Background 

The Hawaiian Koa is an endemic tree species of high ecological (e.g., provides key habitat for many 

threatened species and watershed recharge areas), economical (e.g. highly regarded hardwood timber) 

and cultural importance (e.g., timber is used to build traditional Hawaiian outrigger canoes for fishing, 

racing, and voyaging) (Baker et al., 2009; Mitchell et al., 2005). It is distributed on the four main 

Hawaiian Islands (Hawaiʻi, Maui, Oʻahu and Kauaʻi). Hawaiian Koa grows in various habitats ranging 

from wet to drier areas in different elevations and therefore also expresses high variation in phenotypic 

traits (Baker et al., 2009). It is currently listed under the threat category ‘least concern’ in the IUCN Red 

list; however the last assessment of Koa was in 2010 (Contu, 2010). In 2015 an action plan for Hawaiian 

Koa was developed to discuss the actions needed to achieve healthy koa forests that accommodate people 

and economic needs and promote forest conservation (Inman-Narahari, 2015). 

  

 

 

 

 

 

Figure S 1  - Framework schematic summary for the case study of the Hawaiian Koa (Acacia koa). In Phase 1 a 

scenario with 7 separate subpopulations scored high enough to move to Phase 2, where a scenario of 4 potential 

ESUs was tested. Lines of evidence categorized as missing (=data-deficient) are greyed out. Graphic is based on a 

freely available png of the Hawaiian Islands (cleanpng.com) and was adapted for this study. 

https://www.zotero.org/google-docs/?TKrqQz
https://www.zotero.org/google-docs/?VbwXKa
https://www.zotero.org/google-docs/?19rRVg


 

 

Phase 1 

We tested two different candidate scenarios: (1) two subpopulations based on genetic data (microsatellite 

markers; Fredua-Agyeman et al., 2008), (2) seven potential subpopulations, based on genomic data 

(genotyping-by-sequencing (GBS); Gugger et al., 2018) (Table S2). 

   

Table S 3 - Scoring table for Phase 1 for the Hawaiian Koa (Acacia koa). Candidate scenarios tested are    

displayed in the columns and line of evidence scored in rows. The final score for each candidate 

scenario is displayed in the last row. 

 

 Subpopulation - scenario 1 

2 subpopulations 

(microsatellite dataset) 

Subpopulation - scenario 2 

7 subpopulations (genomic 

dataset) 

Is there evidence of genetic structure? 

2 points 

Evidence through (multiple can apply): 

● Population Clustering Analyses 
● Pairwise FST Values 

● Private Alleles 

 Yes 

 No 

 No data 

 Yes 

 No 

 No data 

Are there records of non-human mediated 

isolation or subpopulation fragmentation 

(through migration barriers)? 

2 points 

Evidence through (multiple can apply): 

● Occupation of different biogeographical 

zones 
● Occupation of discrete remnants of 

historical habitats with little/no natural 

migration 

 Yes 

 No 

 No data 

 Yes 

 No 

 No data 

Is there indirect evidence of likely 

subpopulation fragmentation? 

1 point 

Evidence through (multiple can apply): 
● Subpopulation disjunction 

● Phylogeographic and/or biogeographic 

evidence from co-occurring species 

● Assumption of biogeographical 

data/refugia without direct evidence 

● Dispersal distance and buffer according 

to the CBD indicators 

 Yes 

 No 

 No data 

 Yes 

 No 

 No data 

Final scores 2/4 4/4 

 

For the three different lines of evidence within Phase 1, the candidate scenarios one (2 subpopulations) 

and two (7 subpopulations) scored 2/4 and 4/4 points, respectively. Both subpopulation - scenarios 

reached the minimum threshold of 2 points, however the second scenario scored higher (4/4). The high 

https://www.zotero.org/google-docs/?05yVNb
https://www.zotero.org/google-docs/?7lNms6


 

 

score scenario determined 7 distinct subpopulations based on genetic clustering analyses and pairwise 

FST values. Hence a score of 2/2 was given to the ‘genetic structure’ category. Subpopulations were 

distributed on the various Hawaiian oceanic islands (Hawaiʻi, Maui, Oʻahu and Kauaʻi) with only 

limited admixture levels between islands (suggestive of isolation with occasional dispersal) (Figure S1). 

However, the occurrence of the same genetic cluster among some of the islands was explained by recent 

‘human-mediated’ dispersal, potentially as a side product of restoration programs by Gugger et al. (2018). 

Natural patterns of occurrence show a more distinct occupation of different habitats which could be 

considered as different biogeographical zones and an indication for migration barriers and led to 

the allocation of a score of 2/2 in this category. For the third line of evidence describing indirect evidence 

of subpopulation fragmentation, a score of 0/2 was given for both tested scenarios, since we could not 

find any evidence for this category and so it was considered missing. 

 

Phase 2 

We decided to only test 1 candidate scenario, comprising four potential ESUs for Phase 2 (Table S3). In 

the landscape genomics study of Gugger et al. (2018), it was shown that genetic differentiation is rather 

limited among the four main Hawaiian Islands, but admixture was detected between subpopulations on 

the Island of Hawaiʻi. Another study based on microsatellites suggested that each Hawaiian Island could 

constitute a separate unit/entity (‘Candidate scenario 2’ in Phase 1; Fredua-Agyeman et al., 2008). Based 

on the admixture pattern found on the Island of Hawaii (see Gugger et al., 2018) we grouped the extant 

five subpopulations on this Island and treated them as one ESU. Each of the other three islands are 

dominated by one genetic cluster, so those were regarded as three separate ESUs. 

 

Table S 4 - Scoring table of Phase 2. The first column comprises the different lines of evidence in the form of a 

question with example data which can be used as ‘evidence’ and its score. The second column indicates if there is 

evidence of distinctiveness (‘Yes’) or not (‘No’), or whether no data are available (‘No data’). 

 

 ESU - Scenario 1 

4 ESUs (each Island its own ESU) 

Is there inherited variation in chromosome numbers, ploidy level 

or chromosome structure? 

6 points 

Evidence through (multiple can apply): 

a. Karyotype variation 

b. Difference in ploidy levels between units 

c. Structural variation of chromosomes between units 

 Yes 

 No 

 No data 

https://www.zotero.org/google-docs/?RZNygN
https://www.zotero.org/google-docs/?xfntGI
https://www.zotero.org/google-docs/?ZE6Zt6
https://www.zotero.org/google-docs/?ZE6Zt6
https://www.zotero.org/google-docs/?ZE6Zt6
https://www.zotero.org/google-docs/?8VHDTU


 

 

Is there evidence of long-term reproductive isolation? 

6 points 

Evidence through (multiple can apply): 

a. Reciprocal monophyly 

b. Molecular Estimates of divergence time  

 Yes 

 No 

 No data 

Is there evidence of local adaptation or adaptive divergence?  

6 points 

Evidence through (multiple can apply): 

a. Genomic signals of local adaptation  

b. Evidence of stable hybrid zones   

 Yes 

 No 

 No data 

Is there evidence of inherited characteristic differences?  

 4 points 

Evidence through (multiple can apply): 

a. Heritable differences in focal traits observed in experiments or 

confirmed by analytical tests  

 Yes 

 No 

 No data 

Is there evidence supporting recorded characteristic differences? 

 2 points 

Evidence through (multiple can apply): 

a. Cultural or learnt behavioral differences unique or specific 

between units 

b. Acquired or transmitted traits (e.g., migration pattern, 

methylation differences, body size differences) 

 Yes 

 No 

 No data 

Is there traditional knowledge suggesting distinctiveness between 

units?  

 2 points 

Evidence through (multiple can apply): 

a. Recorded differences based on traditional and local knowledge  

 Yes 

 No 

 No data 

Final score 10/16 

 

In the tested candidate scenario of 4 distinct ESUs, there was no karyotype variation detected among 

different samples collected from all four islands (all are tetraploid (2n=52), Shi, 2003). Therefore, a 

score of 0/6 was allocated in the ‘Karyotype variation’ category. Taxonomy and phylogeography of 

the Hawaiian Koa is still only disentangled to a limited extent (e.g., Baker et al., 2009) and so no data 

on long-term reproductive isolation are available, resulting in missing data in the ‘Evolutionary 

distinctiveness’ category. Signals of local adaptation were detected by conducting genome wide 

associations with environmental variables. Precipitation variables showed the strongest correlations to 

genetic divergence among islands and was explained to play an important role in dealing with water 

stress (Gugger et al., 2018). Inherited phenotypic differences based on provenance tests were 

https://www.zotero.org/google-docs/?WZtTTI
https://www.zotero.org/google-docs/?R75kWT
https://www.zotero.org/google-docs/?U5VTWf


 

 

detected. General adaptations to the tree’s home environment were detected in the form of differences 

in growth form and seed shape (e.g., Baker et al., 2009). Therefore, the categories ‘Adaptive 

divergence’ and ‘Inherited characteristic variation’ were awarded 6/6 and 4/4 points respectively. 

Evidence of recorded characteristic variation is not available, resulting in missing data in this 

category. This case study is based on literature, consequently there is a lack of deep understanding 

of traditional knowledge about the different Hawaiian koa subpopulations. For this reason, this 

category was also declared as missing. 

The candidate ESU scenario tested here (7 subpopulations = 4 ESUs) scored 10 points out of 16 points 

evaluated (with available data). The tested scenario reaches the threshold to gain distinct ESUs status 

by scoring points in one genetic line of evidence (‘Evolutionary distinctiveness’) coupled with one 

recorded line of evidence (‘Inherited characteristic variation’) leading to a designation of 6/6 and 4/4 

points. Three lines of evidence (‘Evolutionary distinctiveness’, ‘Recorded characteristic variation’ and 

‘Traditional knowledge’) are missing for the Hawaiian Koa tree, leading to a designation of 0/6, 0/2 

and 0/2 points, respectively.  

 

3) Black Wildebeest (Connochaetes gnou) 

 

Background 

Black wildebeest (Connochaetes gnou) or the white-tailed gnu is one of the two closely related wildebeest 

species, the other species being the blue wildebeest (Connochaetes taurinus; Grobler et al., 2018). Natural 

populations of Connochaetes gnou are endemic to southern Africa with a historical range including South 

Africa, Eswatini and Lesotho (Vrahimis et al., 2016). The species has been hunted to extinction in 

Eswatini and Lesotho during the 19th Century but has now been reintroduced to Eswatini/Lesotho and 

more recently introduced to Namibia where populations have become well established. Black wildebeest 

inhabits different habitats such as grasslands, open plains and karoo shrublands. Current threats to the 

species may include the potential hybridisation with the closely related blue wildebeest where in close 

proximity (Grobler et al., 2011; Vrahimis et al., 2017). After the 19th Century, fewer than 300 individuals 

remained (Estes et al., 2004; Von Richter, 1972). The species was rescued from these individuals and 

currently there are about 16,000 individuals with 7,000 individuals in Namibia (outside their natural 

range; Vrahimis et al., 2016). About 20% of black wildebeest is confined in protected areas while the 

majority (80%) of individuals occur in privately owned land. Population growth is now trending upward 

and for this reason the IUCN rates the species as being of least concern (Lundrigan & Bidlingmeyer, 

2000; Vrahimis et al., 2017). 

 

https://www.zotero.org/google-docs/?gycMnN
https://www.zotero.org/google-docs/?q9y9V1
https://www.zotero.org/google-docs/?ZJoQX6
https://www.zotero.org/google-docs/?58fFgY
https://www.zotero.org/google-docs/?GF3tp9
https://www.zotero.org/google-docs/?1f1D8X
https://www.zotero.org/google-docs/?AMzacm
https://www.zotero.org/google-docs/?AMzacm


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Phase 1 

This is an example where we tested for only one subpopulation based on genetic data (mitochondrial 

DNA, microsatellite markers; Corbet & Robinson, 1991; Grobler et al., 2018; Table S4). Here we are 

testing whether the entirety of the species represents one subpopulation, in other words, there should be 

no evidence of genetic structure, human mediated isolation/fragmentation or indirect subpopulation 

fragmentation. 

 

 

 

 

 

 

 

 

 

 

 

Figure S 2 - Framework schematic summary for the case study of the Black wildebeest (Connochaetes gnou). 

Based on previous knowledge only one scenario in Phase 1 was tested (1 subpopulation). Lines of evidence 

categorized as missing (=data-deficient) are greyed out. Graphic is based on a freely available png of South 

Africa (cleanpng.com) and was adapted for this study. 

https://www.zotero.org/google-docs/?RPBfp6


 

 

Table S 5 - Scoring table for Phase 1 for the black wildebeest. The questions are based on Table S1, since 

only one candidate scenario based on one subpopulation is tested here. The final score for the tested 

candidate scenario is displayed in the last row. 

 Subpopulation - scenario 1 

1 subpopulation 

Is there evidence for an absence of genetic structure? 

2 points 

Evidence through (multiple can apply): 

● Population Clustering Analyses 

● Pairwise Fst Values 
● Private Alleles 

 Yes 

 No 

 No data 

Are there records of continuous occupation of the range with frequent 

migration between all regions? 

2 points 

Evidence through (multiple can apply): 

● Occupation of different biogeographical zones 

● Occupation of discrete remnants of historical habitats with little/no natural 
migration 

 Yes 

 No 

 No data 

Is there indirect evidence of no subpopulation fragmentation? 

1 point 

Evidence through (multiple can apply): 

● Subpopulation disjunction 

● Phylogeographic and/or biogeographic evidence from co-occurring 

species 

● Assumption of biogeographical data/refugia without direct evidence 

● Dispersal distance and buffer according to the CBD indicators 

 Yes 

 No 

 No data 

Final scores 4/4 

 

For the three different lines of evidence within Phase 1 (based on Table S1) only one candidate scenario 

was assessed (1 subpopulation). Based on mitochondrial DNA haplotypes and microsatellite markers no 

evidence of genetic clustering was detected. A score of 2/2 was given for this line of evidence. Clusters 

of subpopulations are continuously distributed across the central region of South Africa which 

extends into Eswatini and Lesotho with migration between all regions (Figure S2). Some human-

mediated translocations between privately owned populations have been granted and these actions have 

not affected genetic diversity patterns. This led to the allocation of a score of 2/2 for the second line of 

evidence (no subpopulation fragmentation). The third line of evidence scored 0/2 because no data are 

available to assess this line of evidence (indirect evidence of no subpopulation fragmentation). 

Therefore, the total score for this scenario was 4. For the three different lines of evidence within Phase 1, 

the scenario of one subpopulation scored 4/4. Therefore the 1 subpopulation scenario scored 4 points (and 



 

 

a minimum of 2 points is needed), so the null-hypothesis can be accepted and the black wildebeest can 

be considered to represent one subpopulation/metapopulation and therefore also as one Evolutionarily 

Significant Unit (ESU). 

 

  



 

 

C) Risk Assessment  

 

a) What does the risk assessment section do? 

The risk assessment can be used in conjunction with the Evolutionarily Significant Unit (ESU) 

delineation framework. It highlights the risk of misinterpretation of the available data and therefore 

assigning a wrong score for a given line of evidence. Specifically, it goes through each line of evidence 

and discusses the risk of over-splitting and under-splitting species into ESUs. This risk assessment 

should act as a general guide and is not exhaustive, contacting original authors or using expert 

interpretation may be needed, particularly for complex scenarios. 

 

General risk will be present throughout the framework due to different data resolutions and 

study power. We stress that interpreting data requires appreciation and consideration of the difference 

between biological and statistical significance of the data in question: 

 

Statistical significance in genetic estimators (e.g., a p-value), reflects the degree of certainty with 

which a parameter may be distinguished from a null hypothesis (typically “zero effect”, e.g., no genetic 

differentiation) (Nakagawa & Cuthill, 2007; Sokal & Rohlf, 2009).  

 

Biological significance refers to the ecological or evolutionary magnitude of genetic measurements, 

such as the degree of genetic differentiation.  

 

Importantly, statistical significance is determined by considering the magnitude of an effect alongside 

its precision/error, so statistical significance is often related to biological significance, but not always. 

Statistical significance in genomics does not always equate to biological significance because small 

effect sizes may become statistically significant in “big data” genomics analysis (Lo et al., 2015). 

Distinguishing between the two requires subject-matter expertise to interpret whether a particular 

difference in measurement is biologically meaningful and to what degree. For example, a large 

biological effect estimated with poor precision (e.g., because few molecular markers or samples were 

analysed), might not be statistically significant. Caution interpreting the measurement is warranted, 

because poor precision and statistical non-significance suggest difficulty in differentiating the result 

from zero, whereas the large magnitude of the result (biological significance) may justify further 

investigation and a more thorough sampling strategy. Conversely, a measurement that is small but very 

precise (e.g., because a very large number of genome-wide markers or samples were used) may be 

statistically significant, and thus we can be fairly confident the estimate is not zero, but if the magnitude 

https://www.zotero.org/google-docs/?uC6wwv
https://www.zotero.org/google-docs/?SAypxL


 

 

of the measurement is small, it may not be biologically meaningful and thus not be relevant for the 

designation of conservation units. 

 

b) What the risk assessment section does not do, and what other aspects of risk might need to be 

considered  

1. The risk assessment section does not evaluate the ecological and evolutionary “risks” or consequences 

of over-splitting and under-splitting per se for conservation management. 

2. The risk assessment section cannot evaluate the “social” risks of changes in ESU designation. ESU 

designation could have (or be perceived to have) cultural or political meaning for stakeholders. Note that 

the IUCN Red List can be used to record indigenous names for species and indigenous taxonomies 

(https://www.iucnredlist.org/resources/ilk); this information may not always be complete. Further 

guidance on stakeholder inclusion can be sought from specialists, for example through the IUCN CEESP-

SSC Sustainable Use and Livelihoods Specialist Group (https://www.iucnsuli.org/) or the IUCN-SSC 

Human-Wildlife Conflict and Coexistence Specialist Group (https://www.hwctf.org/).  

 

c) The Risk assessment for each line of evidence in Phase 1 

 

1. Genetic structure 

Over-splitting 

1) a STRUCTURE group or PCA cluster was used in isolation to identify a subpopulation (e.g., using 

softwares such as STRUCTURE; Pritchard et al., 2000 or PLINK;  Purcell et al., 2007). Structure 

detection is dependent on subpopulation census size, isolation time, and sampling design. Detection of 

separate clusters can be strongly affected by sampling, e.g., sampling of individuals from a family 

group may drive a cluster that does not represent meaningful overall structure (Lawson et al., 2018; 

Liddell et al., 2021). Similarly, unbalanced sampling schemes (e.g., uneven number of individuals per 

subpopulation or patchy sampling of subpopulations within an isolation-by-distance pattern) can force 

discrete clusters to emerge that are in fact part of a continuum (Bradbury et al., 2018; Frantz et al., 

2009; Perez et al., 2018). Notably small, isolated, or ex situ managed populations can rapidly become 

highly distinct due to random genetic drift, whereas reduced gene flow may take hundreds of 

generations to accrue when effective population sizes are large (Landguth et al., 2010). 

 

2) Over-estimating differentiation by visual inspection of data rather than application of a statistical test. 

For example, STRUCTURE does not provide statistical support for differences among clusters, just for 

the number of clusters. Similarly, mtDNA networks are often inspected visually rather than applying a 

https://www.iucnredlist.org/resources/ilk
https://www.zotero.org/google-docs/?97MrAn
https://www.zotero.org/google-docs/?97MrAn
https://www.zotero.org/google-docs/?97MrAn
https://www.zotero.org/google-docs/?TlelFg
https://www.zotero.org/google-docs/?TlelFg
https://www.zotero.org/google-docs/?AvwzVf
https://www.zotero.org/google-docs/?AvwzVf
https://www.zotero.org/google-docs/?b341e0


 

 

test e.g., whether phiST (frequency plus sequence differences) is statistically significant between a pair 

(e.g., Garrick et al., 2004), or whether the network is within a 95% confidence interval (statistical 

parsimony) and 95% connection limit.  

 

Risks for points 1& 2 can be mitigated by applying equal sampling, avoiding including relatives, 

applying multiple approaches and using statistical tests for evaluating model fit. 

 

3) Over-interpreting private alleles. Private alleles are predominantly rare, hence subject to small 

sample sizes. To mitigate the risk of over-interpreting these data it is important to carefully consider 

what they are private relative to: e.g., a subpopulation that founded many other subpopulations may 

accordingly have shared alleles that would otherwise have been regarded as private, falsely reducing its 

apparent uniqueness.  

 

Under-splitting 

In general, the risk of under-splitting using genotypic population genetic data is considered to be low 

because the methods are highly sensitive to structure. Instances where under-splitting could be a risk 

include species with large effective population sizes that tend to possess low FST when analysed using 

microsatellite markers (Hedrick, 1999). Analysing genetic differentiation in such populations using a 

large panel of SNPs mitigates this problem. With such genomic data, even a small number of 

individuals can be used to detect significant genetic differentiation (Willing et al., 2012). Further 

mitigation includes understanding of site history and human-mediated change.  

 

2. Isolation and barriers to migration 

Over- or Under-splitting 

1) due to misestimation of the level of lineage divergence and gene flow restriction assumed from the 

biogeographical information. 

2) misinterpretation of human-driven habitat/environment segregation as a natural long-term pattern. 

3) poor records or map-making. 

4) species misidentification in the past. 

5) misidentified environmental drivers. 

 

Mitigation includes careful interrogation of the quality of available species- and distribution data. 

 

https://www.zotero.org/google-docs/?L8dXBz
https://www.zotero.org/google-docs/?WqZgzw
https://www.zotero.org/google-docs/?A7wNha


 

 

3. Inferred geographic patterns 

Over-splitting 

1) Natural landscape/habitat differences can lead to separation of units without their being genetically 

distinct or different. Geographic distances/barriers can be caused by human interaction or interference 

(e.g., urban development, road construction, long-standing persecution etc). Co-occurring species used 

as proxies could, in fact, have very different evolutionary histories (e.g., Beavis et al., 2011; Stern, 

2013). 

2) Risk of over-splitting due to misestimation of the level of lineage divergence and gene flow 

restriction assumed from proxy/geographic/environmental/biogeographic information. Mitigation 

involves the use of genetic data on the target species (i.e see other lines of evidence). 

 

Under-splitting 

Speciation might not be detected if genetic data are absent. Co-occurring species used as proxies could, 

in fact, have very different evolutionary histories. Mitigation involves the use of genetic data on the 

target species (i.e. see other lines of evidence). 

 

d) The Risk assessment for each line of evidence in Phase 2 

 

1. Karyotype and chromosomal structural variation   

Over-splitting  

A risk of over-splitting arises by interpreting biologically inconsequential karyotype variation to 

support ESU status. Karyotypic variation can occur naturally within ESUs (e.g., Ahrens et al., 2020; 

Dobigny et al., 2017). Mitigation of the risk includes 1) identifying which forms of karyotypic variation 

are likely to have fitness consequences (e.g., ploidy differences, monobrachial homology), and 2) 

assessing evidence for fitness costs of karyotype mixing. 

 

Under-splitting 

A risk of under-splitting arises by 1) failing to detect consequential karyotypic variation due to 

insufficient sampling (sites or number of individuals) or insufficient technical resolution. 

Note that karyotype studies remain somewhat uncommon and many species may be data-deficient and 

thus may not be successfully scored at this level. 

   

2. Evolutionary distinctiveness  

https://www.zotero.org/google-docs/?U4ID6Q
https://www.zotero.org/google-docs/?U4ID6Q
https://www.zotero.org/google-docs/?7xXGhq
https://www.zotero.org/google-docs/?7xXGhq


 

 

Over-splitting  

A risk of over-splitting arises from: 

1) over-interpreting reciprocal monophyly: it does not always reflect biologically meaningful 

divergence, because it can be driven by random genetic drift arising from small census size or 

demographic bottlenecks, as well as the statistical power of the molecular markers used (Kizirian & 

Donnelly, 2004; Rosenberg, 2003). Sole use of organelle-derived markers (e.g., mitochondrial 

haplotypes) is particularly high-risk, which can be mitigated by using them in conjunction with nuclear 

markers (Ballard & Whitlock, 2004; Zink & Barrowclough, 2008). For organelle-only data, keep the 

risk in mind and check other lines of evidence for incongruence with the groupings found here and if 

they arise, discuss the risks of over- or under-splitting with experts.  

2) Over-interpreting long divergence times as support for the presence of ESUs. Apart from extremes 

e.g., millions of years vs. hundreds of years, divergence time thresholds do not clearly indicate the 

presence of an ESU. Recent splits between genetic units (<500 years) are likely to reflect human-

mediated impacts on connectivity rather than natural eco-evolutionary processes. More ancient 

divergence times do not necessarily indicate the presence of ESUs. Mitigation of this risk should 

include interpreting data based on the history of the species and the known eco-evolutionary and 

human-mediated processes affecting putative ESUs (Jimoh et al., 2013).   

3) Assuming that a lack of contemporary gene flow indicates a historical lack of gene flow (e.g., 

Roberts et al., 2011). Mitigation of this risk includes considering estimates of gene flow in relation to 

the timescale (i.e., number of generations) they pertain to, and assessing likely drivers of restricted gene 

flow. 

 

Under-splitting 

A risk of under-splitting ESUs arises from: 

1) over-interpretation of lack of reciprocal monophyly. Two ESUs can have incomplete monophyly due 

to mtDNA introgression, incomplete lineage-sorting of nuclear genes, hybridization upon secondary 

contact, or more rapid evolution of selected traits than neutral background (Ballard & Whitlock, 2004; 

Edelman et al., 2019).  

2) If variation in gene flow estimates from different parts of the genome are overlooked. Multiple 

neutral markers might indicate high levels of recent gene flow between two putative ESUs, while in 

contrast, regions of the genome underpinning major fitness characters might have highly restricted gene 

flow (e.g., in birds; Morales et al., 2018). Mitigation of these risks includes being mindful of inferential 

https://www.zotero.org/google-docs/?CXwYHl
https://www.zotero.org/google-docs/?CXwYHl
https://www.zotero.org/google-docs/?CvYcxo
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power available from the marker types, marker density used, and sampling scheme of target sites (e.g., 

Edelman et al., 2019). 

 

3. Adaptive divergence  

Over-splitting 

Risk of over-splitting occurs because: 

1) genomic selection detection methods (e.g., FST-outlier programs) can easily show false signals of 

local adaptation (François et al., 2016). These can be very strong and show up in several tests. This is 

particularly true in units that have gone through a decline/bottleneck or in analyses that include even 

just a single bottlenecked site. Mitigation of these risks include using evidence from different outlier-

detection methods (e.g., spatial, temporal), and using additional data about demographic history. 

Outliers from bottlenecked sites should not be considered sufficient evidence without corroboration 

from other lines of evidence.  

2) Environment-based genomic selection detection methods can struggle to account for neutral genetic 

structure. Mitigation of these risks includes conducting robust studies with a reasonable number of focal 

sites, and replicated sampling sites across environmental designs. 

3) Dividing into ESUs with hybrid zones can lead to over-splitting because these can be dynamic (i.e., 

move over time), and may be natural sources of gene flow. Mitigation of these risks includes temporal 

data on zone stability and treating the ESUs as co-dependent.  

 

Under-splitting 

A risk of under-splitting ESUs arises from: 

1) failure to identify adaptation due to statistical power issues, and genome-wide assessment of 

potential candidates (Hoban et al., 2016). Thus the absence of outliers does not signal an absence of 

local adaptation and hence, when used in isolation, this line of evidence is not a compelling argument 

against units being distinct ESUs. This is particularly true for traits likely to be polygenic and in studies 

based on reduced-representation sequencing approaches providing only low density of markers across 

the genome (e.g, RADseq; Lowry et al., 2017). Mitigation includes ensuring adequate sampling across 

the genome and that multiple selection-detection methods are used. 

 

Hybrid zones can be new or human-induced phenomena affecting historically distinct ESUs. Ignoring 

their historical context could potentially lead to under-splitting that may eventually lead to lineage 

replacement of an ESUs, or the formation of hybrid swarms.  

https://www.zotero.org/google-docs/?ycPpXN
https://www.zotero.org/google-docs/?rkAPOw
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4) Inherited variation in characteristics 

Over-splitting 

1) Risk of mistaking phenotypic plasticity for evolved adaptive phenotypic differences. Phenotypic 

plasticity i.e., when the same genotype produced different phenotypes in different environments, should 

not be included here.  

2) Risk of overinterpreting phenotypic differences that are not biologically meaningful (e.g., rare colour 

morphs). 

3) Risk of over-interpreting ecological traits of species (e.g., breeding time, use of spawning grounds) 

that are plastic and not inherited. 

4) Risk of small/captive units showing a subsample of original range of phenotypic variation or 

phenotype being changed by inbreeding (i.e., “phenotypic drift” found in e.g., the Florida panthers; 

Johnson et al., 2010).  

 

Mitigation includes adequate sampling so that between-unit variation can be understood in the content 

of within-unit variation, and understanding site demographic history and which phenotypic traits are 

likely to have strong environmental components. Conducting statistically sound experiments and tests 

to determine the inheritance of such traits. 

 

Under-splitting  

Not detecting evolved differences in phenotypic plasticity that would have been taken as evidence for 

different ESUs. 

 

5) Recorded variation in characteristics 

Over-splitting  

1) Risk of mistakenly assuming acquired behavioural differences (e.g., learnt behaviour, migration 

patterns, foraging techniques) preclude interbreeding.  

2) Risk of mistakenly assuming acquired phenotypic differences (e.g., methylation differences, body 

size differences) preclude interbreeding.  

 

Can be mitigated by checking for assortative mating. If groups regularly 

interbreed, they are likely one ESU due to frequent gene flow. 

  

https://www.zotero.org/google-docs/?FyzMG8


 

 

Under-splitting  

1) Likely to be data-deficient in many species, especially those that are hard to access or observe. Be 

aware of study selection bias.  

2) Lack of data on behaviour may be due to lack of differences or an absence of attempted studies.  

 

6) Traditional knowledge  

Over- or Under-splitting 

May occur if all relevant stakeholders are not consulted, or consensus cannot be reached among 

differing values-based positions. Mitigation is to conduct proper consultation and inclusion.  
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