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Delimiting and naming biodiversity is a vital step toward
wildlife conservation and research. However, species
delimitation must be consistent across biota so that the
limited resources available for nature protection can be
spent effectively and objectively. To date, newly discovered
lineages typically are either left undescribed and thus
remain unprotected or are being erroneously proposed
as new species despite mixed evidence for completed
speciation, in turn contributing to the emerging problem
of taxonomic inflation. Inspired by recent conceptual and
methodological progress, we propose a standardized
workflow for species delimitation that combines phylo-
genetic and hybrid zone analyses of genomic datasets
(“genomic taxonomy”), in which phylogeographic lineages
that do not freely admix are ranked as species, while
those that have remained fully genetically compatible are
ranked as subspecies. In both cases, we encourage their
formal taxonomic naming, diagnosis, and description to
promote social awareness toward biodiversity. The use of
loci throughout the genome overcomes the unreliability
of widely used barcoding genes when phylogeographic
patterns are complex, while the evaluation of divergence
and reproductive isolation unifies the long-opposed
concepts of lineage species and biological species. We
suggest that a shift in conservation assessments from a
single level (species) toward a two-level hierarchy (species
and subspecies) will lead to a more balanced perception
of biodiversity in which both intraspecific and interspecific
diversity are valued and more adequately protected.

conservation | genomics | hybrid zones

Earth’s biodiversity remains largely under-appreciated (1),
including a large proportion of species made of multiple phy-
logeographic lineages, i.e., geographically and genetically
identifiable population lineages within widespread species
(2-4). Genetic diversity contributes to the evolutionary capac-
ity of species to respond to the challenges posed by changing
environments and thus holds the key to their survival.
Intraspecific phylogeographic lineages are evolutionary solu-
tions in the making and should thus be preserved to ensure
effective conservation of the relevant species. Even ephem-
eral lineages play an important role in generating, sharing,
and recombining new adaptive alleles through hybridization
and fusion (5). Gene flow between phylogeographic lineages
is thus an essential aspect of species diversification (6). For
example, by bolstering genetic variability (7, 8), gene flow can
increase the overall fitness of populations at risk from cli-
mate change (9). Reciprocally, genetically impoverished taxa
are the ones most under threat of extinction (10).
Preserving biodiversity in all its complexity thus implies
protecting phylogeographic lineages independently. The
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delimitation of these lineages and society’s appreciation of
their value both require rigor and standardization for their
conservation to be meaningful (11). At present, this is ham-
pered by theoretical discord in the way these lineages are
treated in taxonomy and protected with conservation poli-
cies. Here, we address the main issues with current practices
and argue that phylogeographic lineages should be acknowl-
edged as taxonomic entities to promote their conservation.
To this end, we propose an operational workflow to rank
them as species or subspecies using genomic methods, nota-
bly through the implementation of an emerging approach
of species delimitation.

Taxonomic Neglect Hampers Conservation

Evolutionary biologists have defined intraspecific genetic
lineages as “units”, the most famous definitions being
“Evolutionary Significant Units” (12), “Evolutionary Popu-
lations” (13), or “candidate species” (2), which identify unique
sets of populations using population genetic (demographic)
or phylogenetic criteria. These concepts are useful to formal-
ize the genetic structuring of species complexes and for the
discussion of evolutionary hypotheses, but they raise little
social awareness and conservation attention (4). Technically
labeled lineages (e.g., “clade B”, “North lineage”) are rarely
implemented in international conservation policies, taxono-
mist lists, and biodiversity accounts that rely upon them (14).
This includes the International Union for Conservation of
Nature Red List or any naturalist list and resources such as
checklists or citizen science databases.

At the national level, most jurisdictions in Europe and Asia,
as well as in the United States (e.g., Endangered Species Act,
ESA) consider only described taxa for red list assessments.
Unnamed lineages are sometimes eligible for red-listing (e.g.,
differentiated populations in Australia and Russia; Desig-
natable Units in Canada), and in endangered species, coor-
dinated management plans may define ESU-like units (e.g.,
National Action Plans in France) or make proposals to legally
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protect specific populations (e.g., Spain, Greece). In practice,
however, these options are sparingly applied between coun-
tries, organisms, and operators, and they do not affect
unthreatened species—declining lineages will thus remain
neglected if other lineages of the same species thrive in par-
allel and the species is of least concern overall (15). Moreover,
when evolutionary units elude legislation, they may cause
conservation paradoxes (16). For example, invasive intraspe-
cific lineages are legally protected in countries where native
lineages of the same taxon also occur, since both have the
same name and conservation status (17).

The absence of taxonomic recognition thus hampers con-
servation, and unnamed lineages face higher risks of extinc-
tion compared to described taxa (18, 19).

Should All Lineages Be Species?

While evolutionary biologists tend to leave phylogeographic
lineages unnamed, taxonomists tend to oversplit them into
multiple species (20, 21). In principle, the scientific commu-
nity largely agrees that species correspond to diverging pop-
ulations that eventually become biologically isolated (the
endpoint of speciation) (22). However, disagreements remain
around how to delimit them in practice, i.e., whether to put
the emphasis on divergence and evolutionary independence
(the lineage species concept, ref. 23), or the process that
leads to it, i.e., reproductive isolation (the biological species
concept, ref. 24). Diagnosability, i.e., setting up applicable
criteria of identification and delimitation, is central to the
practice of taxonomy, and because reproductive isolation is
hard to assess, most candidate species are preferentially
characterized based on their molecular or phenotypic diver-
gence, combining genetic, morphological, behavioral, and
ecological evidence (e.g., integrative taxonomy, ref. 25). The
overreliance on molecular analyses to define species has
progressively led to consider any diagnosable phylogeo-
graphic lineage as a “species under construction”, and by
extension, to their recognition as species (26). This shift of
paradigm now reaches its climax, with the species rank being
frequently claimed to be the only relevant terminal rank in
alpha-taxonomy (27).

The “one lineage = one species” ideology has triggered a
surge of species descriptions in recent years, in turn contrib-
uting to the emerging problem of taxonomic inflation
(28-30). Taxonomic inflation is counter-productive to the
sustainability of newly split species. Oversplitting evolution-
ary ephemeras discredits taxonomy, Red List assessments,
and can erode the limited trust the general public has in
science (31). It also diverts inherently limited conservation
resources and induces detrimental biases in conservation
practices, for instance by isolating conspecific populations
in captive breeding or in meta-population managements (32).
In addition, oversplitting favors “taxonomic vandalism”, when
unscrupulous authors describe species for their own poster-
ity without substantial evidence for speciation (33).

Besides theoretical considerations, describing new species
from genetic and/or phenotypic data presents methodological
shortcomings that are not sufficiently appreciated (34, 35).
Single gene evidence, especially fragments of mitochondrial
DNA (mtDNA), are often used to suggest that a particular pop-
ulation or range segment is distinct from a well-known,
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wide-range species. This is simply not enough information (36),
especially given the unreliability of mtDNA in phylogeography
due to cytonuclear discordance (37-39) (Box 1). For example,
so-called “ghost” mitochondrial lineages, which do not exist in
the nuclear genes, are sometimes wrongly associated with taxa
(e.g., ref. 40). In parallel, widely used species delimitation algo-
rithms (such as the multispecies coalescent) might statistically
define every population as a distinct “species” provided suffi-
cient genetic resolution, even those that clearly lack reproduc-
tive isolation (41-43). Furthermore, morphological or ecological
differences may reflect processes other than evolutionary
divergence and speciation, as they are greatly influenced by
phenotypic plasticity and local adaptation (44, 45). The reported
differences may not even be meaningful. Taxonomic studies
frequently identify candidate taxa by overemphasizing statis-
tically significant but nondiagnostic phenotypic differences, or
alternatively, diagnostic differences that are based on very
small samples that hardly represent the whole intragroup var-
iation (46, 47)—and in many cases, involving traits that do not
convey reproductive isolation.

If species are necessarily lineages, lineages are not
necessarily species. Defining all the terminal branches of
phylogenetic trees as species is thus either a methodological
gamble or a subjective overestimation, and many new
“species” will eventually require a reevaluation, causing tax-
onomic instability.

Unifying Lineage and Biological Species with
Genomic Taxonomy

The many species definitions have been channeled into unified
concepts and operating workflow that can be effectively
applied in taxonomic practices (22, 25, 49-53). Further advances
may come from insights into the speciation process itself.
Recent research on species complexes has suggested that
reproductive isolation often evolves alongside molecular diver-
gence, as genomes gradually become incompatible (the “mass
of genes” model) and lineages adapt locally (54, 55). Once
postzygotic barriers have become sufficient, lineages no longer
merge in the face of hybridization and continue to diverge until
complete reproductive isolation is reached (56, 57). The for-
mation of new species thus relates to the formation of lineages
and clades, i.e., the two major kinds of biological entities
treated in taxonomy. Lineages, i.e., genealogically connected
organisms, keep reticulate relationships due to reproductive
connections and gene flow. As reproductive barriers arise and
gene flow ceases, lineages begin to evolve independently of
one another and their relationships bifurcate; these largest
linages are what we call species (23, 58-60). As species lineages
become entirely disconnected, they continue to evolve into
distinct clades, i.e., ancestral lineages and all their descendants,
which are defined as higher taxa (61). The dividing line for spe-
cies thus lies at the interplay between lineages and clades (61),
which corresponds to the boundary between population
genetics and phylogenetics, respectively (60).

Though disagreement between their practitioners has fue-
led the so-called “clado-wars” (62), the competing views of
biological vs lineage species thus often converge toward the
same taxonomic conclusions. Besides, both face the same
dilemma: how to translate the continuous nature of speciation
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Box 1. Phylogeographic patterns and their interpretation in species delimitation

Phylogeographic lineages (dark gray areas) retain mostly reticulate relationships (light gray areas) until reproductive barriers
restrict gene flow (white areas). Patterns of introgression across hybrid zones (HZ), which reflect the strength of reproductive
barriers, allow delimiting lineages as species (characterized by narrow HZ) or subspecies (characterized by shallow HZ). Their
corresponding divergences in turn help defining the “gray zone of species delimitation” and eventually predict the status of

lineages for which no hybrid zone exists.

The hybrid zone approach of species delimitation is best implemented from genomic phylogeography, notably in the
cases of cytonuclear discordance. Relying on mitochondrial DNA may then lead to the misidentification of lineages and to the
misestimation of their relative divergence. Among extreme cases, cryptic lineages that lack a mitochondrial identity due to
recent hybridization and mitochondrial capture may be overlooked (“super-cryptic” taxon) (48). On the other hand, genetic

traces of past events of divergence may still persist in the
correspond to any extant species or subspecies (40).
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and of its two central aspects (reproductive isolation and diver-
gence) into a dichotomous classification (species vs nonspe-
cies)? The “gray zone" of speciation (63) de facto implies a “gray
zone" of species delimitation: For occasionally hybridizing and/
or moderately diverged lineages, species hypotheses will differ
depending on given criteria and thresholds. The “relativity of
species” (52) has more recently inspired a probabilistic
approach of species delimitation (64). In principle, speciation
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probabilities could be empirically calculated by testing repro-
ductive isolation (e.g., absent or restricted gene flow, assorta-
tive mating) with respect to evolutionary divergence (e.g.,
divergence time or % of substitution at barcoding genes),
which requires comparative analyses across multiple pairs of
candidate species.

Hybrid zone analyses offer ad hoc opportunities for such
assessments and are increasingly studied in the context of
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species delimitation (43, 65, 66) (Box 1). Extensive introgres-
sion across secondary contact zones implies overwhelming
hybridization and compatibility between the admixing
genomes, hence few reproductive barriers—the correspond-
ing lineages are conspecific. In contrast, null or reduced intro-
gression, with respect to the capabilities and opportunities
for dispersal, suggests prezygotic (absence of hybrids) and/
or postzygotic (genomic incompatibilities) isolation—the cor-
responding lineages represent incipient species. Empirical
studies in amphibians showed that the extent of admixture
in hybrid zones (the hybrid zone width) broadly correlates
with molecular divergence and notably divergence time in
time-calibrated phylogenies (55). Theoretically, the relation-
ship may thus serve to probabilistically predict the status of
lineages based only on divergence—for instance, when no
contact exists (allopatric lineages, ref. 67; see Box 2). This
emerging “hybrid zone approach of species delimitation”
thus integrates diagnosable criteria pertaining to both the
biological and lineage species concepts and is consequently
gaining momentum with taxonomic authorities (e.g., ref. 68).

By providing information on thousands of genetic markers
in nonmodel organisms, high-throughput sequencing tech-
nologies are revolutionizing species delimitation, making
assessments more accessible and more accurate (34, 43, 65).
Phylogenomics alleviates the shortcomings of single-gene
trees in detecting and measuring the divergence of lineages,
accounting for their genome-wide differentiation. Hybrid
zone genomics reliably quantifies gene flow and illuminates
both the geographic and genomic landscapes of introgres-
sion (55) even with modest population sample sizes (69).
“Genomic taxonomy”, i.e., taxonomy based on genomic data
(a term initially coined for prokaryotes, ref. 70) thus allows
researchers to implement more integrative approaches of
species delimitation that shall yield better accepted and
more stable taxonomic arrangements.

Divide and Preserve with Subspecies

While the largest lineages can unequivocally be described as
species, what to do with their conspecific sublineages (i.e.,
lineages within a species)? Given the importance of phylo-
geographic diversity for conservation, we advocate for their
taxonomic recognition as well, just not as species. Although
recently becoming unpopular due to its numerous conflict-
ing definitions (27, 71), the subspecies rank—the only tax-
onomic rank below the species category recognized by the
International Code of Zoological Nomenclature—offers a
much-needed compromise to name lineages for which the
speciation process is still incomplete (59, 62, 72-77).
Subspecies were initially intended to acknowledge the
geographic variation of polymorphic species, in terms of
ecology, behavior, coloration, or morphology, with the notion
of intergradation at geographic boundaries (78). The cate-
gory was eventually abused to name biologically trivial enti-
ties with primitive taxonomic methods (79), even promoting
racism in humans (80). Its definition then evolved to incor-
porate molecular differentiation, which has been conceptu-
alized as “phylogeographic subspecies” (sensu O'Brien &
Mayr, ref. 81). Many historical subspecies were subsequently
abandoned because they were not genetically divergent
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Box 2. Speciation probabilities P(S) to guide species
delimitation in Palearctic anuran amphibians.
Adapted from ref. 55

When hybrid zones cannot be studied, lineages can still
be delimited using divergence as a proxy given the link
between divergence and hybrid zone (HZ) steepness.
In practice, we can compute the probability P(S) for a
lineage to have become a distinct species according to the
proportion of narrow HZs (i.e., maintained by reproductive
isolation) per unit of divergence. In Palearctic anurans,
empirical data show that lineages younger than 2My
only form shallow HZs, so P(S) = 0, and all are ranked as
subspecies; lineages older than 6My always form narrow
HZs, so P(S) =1, and all are ranked as species. Lineages in
between alternatively form narrow or shallow HZs (“gray
zone"). Note that P(S) must be computed independently
between clades, i.e., here the chartis relevant to Palearctic
anurans only. Comparative studies suggest that the gray
zone is better defined from genome-average measures
of divergence or their derivatives (e.g., divergence time)
rather than divergence at single barcoding genes (67).
Photo: R. Schmidt.
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(74, 82), e.g., two-thirds of the >170 subspecies listed on the
US ESA do not have a clear molecular identity (79). Conversely,
phylogeographic lineages can be millions of years old while
lacking obvious external differentiation (“cryptic” lineages),
although careful examinations often flag diagnostic charac-
ters. Hence, these are rarely considered eligible for the sub-
species category.

Subspecies are convenient for designating geographically
differentiated lineages that retain continuous reproductive
connections, even without clear external differences (77, 78).
Therefore, we argue that the concept of “phylogeographic
subspecies” should be extended to any divergent phylogeo-
graphic sublineages, including (presumably) cryptic ones.
Subspecies may then often correspond to ESUs (75).
However, contrary to the operational criteria defined by
Moritz (12), wherein ESUs require two lines of evidence for
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differentiation (monophyly for mtDNA alleles and allele fre-
quency divergence at nuclear loci), genome-wide divergence
alone should ultimately suffice. Notably, this would also
account for lineages that experienced mitochondrial capture
and lineages of hybrid origin—two situations more pervasive
than appreciated (39, 83). To date, ESU-like phylogeographic
subspecies already exist, as explicitly proposed for tigers (84)
and grass snakes (75), or implicitly adopted in many terres-
trial vertebrates (e.g., refs. 48 and 85-88).

In practical terms, deciding the species and subspecies
rank may thus rely on direct (hybrid zone width) or indirect
(the corresponding genetic divergence) measures of genetic
compatibility. Updated taxonomies may be enforced by new
descriptions, by resurrecting available historical nomina, or

by revising existing arrangements to raise or sink currently
recognized subspecies and species. Finally, taxa that do not
represent distinct evolutionary lineages (i.e., no genetic diver-
gence) should be synonymized, i.e., kept under the same
name according to the nomenclatural rules of priority. Box 3
provides a practical workflow to apply this approach with
respect to the available evidence.

Subspecies are increasingly represented in national red lists
(89, 90), although they are exceptions, especially in Asia (e.g.,
China, Vietnam, Thailand). Characterizing the intraspecific
variation of endangered species into consistent taxonomic
units is the premise of successful recovery plans (91, 92) as it
contributes to evidence-based policy decisions, e.g., when
codifying translocation actions, fighting illegal trafficking (93),

Box 3. Operational workflow to delimit phylogeographic lineages into species and subspecies

The workflow begins by investigating the evolutionary significance of lineages and then deals with ranking them as species

(blue) or subspecies (green).
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Box 4. How the description of phylogeographic subspecies may spark conservation interests: the case of Greek
spadefoot toads

The Balkan spadefoot toad (Pelobates balcanicus) is a widespread amphibian from southeastern Europe. In Greece,
populations have been declining for decades, but they received no specific attention (the last detailed account dates back to
the 1980s) because the species is not facing an immediate risk of extinction due to its relatively large range at the global scale.

Despite little resources for zoological research and few active naturalists in Greece, the genomicidentification and taxonomic
description of a microendemic subspecies in 2019 (P. b. chloeae) (88) have motivated a nationwide prospection effort (yellow
dots on the map) combined with a conservation genetics project piloted by a Greek PhD student (l. Strachinis) since 2020.
New populations were discovered, museum specimens from extinct populations were examined (yellow squares), and local
amateur herpetologists have started to document life history and population trends, e.g., the photomontage depicting larval
development is the work of E. Tzoras, a Peloponnese resident. This new knowledge will be the touchstone of the species’
conservation in Greece in the years to come.

historical

2019 genomic stud:
e 9 v distribution

ssp. balcanicus
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and managing biological invasions (17). The description of
new phylogeographic subspecies can also breathe life into
the conservation of otherwise neglected declining popula-
tions, for instance by bringing forward the uniqueness of
regional biodiversity in an intelligible way (75). Box 4 provides
an empirical example of an endemic amphibian from the
Balkans.

Using the subspecies category to recognize intraspecific
lineages thus kills three birds with one stone. First, it attracts
much-needed attention for their independent conservation
by offering them a universal designation (e.g., a taxonomic
name) that shall facilitate legislation and management and
raise awareness among the general public. Second, it helps
mitigate the species-level taxonomic inflation by offering an
alternative to naming all lineages as species. Third, it circum-
vents the controversy of phenotypic subspecies (79), which
may be considered invalid or referred to as morphotypes or
ecotypes by interested parties.
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General Recommendations

Genomic taxonomy should be implemented with care (53).
When screening for candidate lineages for taxonomic recog-
nition (first part of our workflow, Box 3), common pitfalls
must be avoided, such as including hybrids in phylogenomic
analyses (53, 83), or confounding phylogeographic breaks
with isolation-by-distance (94) and recent population struc-
ture (67). As emphasized for ESUs, identifying subspecies
should consider the evolutionary pattern rather than a
given extent of divergence (12, 95), since the latter is
dataset-dependent. For instance, instead of applying a fixed
threshold of minimal divergence, algorithms that partition
phylogenetic trees into groups of genetically similar individ-
uals (e.g., the multispecies coalescent, ref. 96; ASAP, ref. 97)
could be used to define divergent lineages. When ranking
those lineages with the hybrid zone approach (second part
of our workflow, Box 3), one should keep in mind that
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introgression patterns do not only reflect selection against
hybrids. For the same level of reproductive isolation, the
structure of hybrid zone may vary due to demographic fac-
tors such as dispersal opportunities (98), the history of range
shifts (99), or the age since first contact (100). This appears
to affect young incipient species more than old ones, how-
ever, for which strong hybrid incompatibilities always war-
rant restricted gene flow and thus steep hybrid zones (101).

The tempo and mode of speciation are expected to differ
between and within animal clades (102). Thus, speciation
thresholds and probabilities taken from the hybrid zone liter-
ature may not be portable to unrelated organisms. Instead,
the gray zone of speciation must be evaluated independently
for each focal group (Box 2) and rely on age estimates obtained
from the same (or at least comparable) time-calibrated phy-
logenies, as it could otherwise result in drastically different
predictions of the gray zone (see, e.g., refs. 103, 104 in slow
worms). Importantly, divergence can only be a reliably proxy
if reproductive isolation evolves through the gradual accumu-
lation of molecular differences between diverging lineages (the
“mass of genes” model, ref. 55). If speciation relies on behav-
ioral or ecological cues without extensive molecular divergence
(e.g., rapid adaptive radiation or ecological speciation, ref. 105),
it might be more relevant to quantify differentiation in the
signals themselves (106). In any case, when newly documented
lineages cannot be reliably ranked, a conservative approach
to initially consider them as subspecies would help in main-
taining taxonomic stability. Finally, speciation is not always
gradual and there will be situations where older lineages
appear reproductively more compatible than younger ones.
Applying the hybrid zone approach may thus result in delim-
iting “paraphyletic species”, a conundrum that divides taxon-
omists (107). However, the issue of paraphyletic vs monophyletic
species is irrelevant if species boundaries are defined by repro-
ductive connections (population genetics) rather than phyloge-
netics (61, 108).

The safeguarding of wildlife relies on the inherently limited
protection and management resources being spent effec-
tively and objectively. Channeling those resources for defen-
sible endangered taxa would gain from more consistency in
the way intra- and interspecific diversity is delimited within
and between organismal groups (109). Today, species are
the main currency to define biodiversity in existing legislation
and thus remain more popular among scientists (e.g., in the
ESA). As a result, conservation issues sometimes bias taxo-
nomic assessments. For instance, some endangered conspe-
cific lineages are erected as separate species (e.g., ref. 67),
and some subspecies are deliberately maintained despite
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evidence for synonymy (e.g., ref. 110), all to increase their
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