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Abstract.—The evolutionary dynamics of cryptic species remain poorly understood, and their detection relies primarily on
methods that quantify divergence, assuming that gene flow is absent. Here, we examine how gene flow shapes the evo-
lutionary trajectories and species boundaries in Bornean Fanged Frogs, a renowned example of cryptic diversity where
a single species has been split into 18 genetically divergent yet morphologically indistinguishable species. We employed
target-capture data from over 13,000 loci to assess lineage independence of 14 nominal species distributed across Malaysian
Borneo by evaluating both divergence and cohesion using network multispecies coalescent (NMSC) and MSC + migra-
tion approaches. Under the Unified Species Concept, only 6 of the 14 nominal species unambiguously form independently
evolving lineages; the remainder represent cohesive metapopulation lineages nested within those six species. While mi-
tochondrial p-distances varied substantially (up to 10%), genome-wide net divergences (D,) were surprisingly consistent,
ranging from 0.5 to 2%, placing all the hypothesized “cryptic species” within the empirical gray zone of the speciation contin-
uum. We show that diversification in the gray zone is unpredictable and heavily impacted by gene flow, leading to two key
phenomena that confound species delimitation: (1) the artifactual branch effect, where admixed lineages are inferred as long,
early-diverging branches, creating an illusion of deep divergence; and (2) the species-definition anomaly zone, where intraspe-
cific pairwise sequence distances exceed interspecific ones. We further demonstrate that divergence in the gray zone varies
substantially among metrics and genomic regions, reflecting heterogeneity in evolutionary dynamics across the genome.
Different genomic markers also vary considerably in phylogenetic discordance and their ability to retain signatures of gene
flow. Loci from anchored hybrid enrichment and ultraconserved elements produced less phylogenetic discordance and
retained signals of older introgression but failed to detect recent migration, making them suitable for phylogenetic recon-
struction and inferring ancient introgression, but not ongoing gene flow. Recognizing the central role of gene flow reframes
our understanding of cryptic species; rather than being considered as genetically distinct units that failed to evolve morpho-
logical differentiation, they can be manifestations of continuous diversification in the gray zone. This shift in perspective
offers a new and dynamic evolutionary framework for identifying and interpreting cryptic biodiversity across the Tree of
Life. [Amphibians; artifactual branch effect; diversification; gene flow; reticulate evolution; species definition anomaly zone;
species delimitation.]

Cryptic species are recognized to be prevalent across
the Tree of Life, representing significant yet often over-
looked components of biodiversity (Pfenninger and
Schwenk 2007; Trontelj et al. 2009). Over the past two
decades, molecular phylogenetic studies have alluded to
a staggering proportion of undescribed cryptic diversity,
leading to dramatic revisions of global biodiversity esti-
mates. Older models, which did not account for cryp-
tic species, suggested that Earth hosts between 2 and
9 million species (Mora et al. 2011). In stark contrast,
more recent models incorporating undescribed cryp-

tic diversity estimate that the total number of species
could surpass two billion (Li and Wiens 2023), poten-
tially reshaping our understanding of Earth’s biodi-
versity. However, despite their purported prevalence,
fundamental questions about cryptic species are unre-
solved. Their evolutionary history, the processes driv-
ing their diversification, the mechanisms by which they
persist as separate evolutionary units, and the method-
ologies used to detect them are all subjects of on-
going debate (Trontelj et al. 2009; FiSer et al. 2018;
Heethoff 2018; Struck et al. 2018; Chenuil et al. 2019).
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This uncertainty raises important questions about the
raison d'étre of cryptic species, their roles in ecosystems,
and their broader implications for biodiversity and
conservation.

At its core, the definition of cryptic species remains
ambiguous and contentious, with no universal con-
sensus. Over time, numerous definitions have been
proposed and used interchangeably (Shin and Allmon
2023). Nevertheless, cryptic species are generally under-
stood as genetically divergent evolutionary lineages that
are morphologically difficult to differentiate (Chenuil et
al. 2019). This dual-criteria framework of genetic diver-
gence and morphological similarity has fueled a surge
of studies uncovering hidden cryptic diversity across
many organisms (Adams et al. 2014; Struck et al. 2018;
Cerca et al. 2020; Wattier et al. 2020). However, this
simplistic definition introduces significant challenges,
particularly with the inconsistent and subjective quan-
tification of genetic and morphological differentiation.
Which metrics should be used to measure genetic diver-
gence? What level of genetic divergence separates popu-
lations from species? Which axes of morphological vari-
ation should be considered when assessing similarity?
Adding to this complexity, speciation is usually viewed
as a gradual and continuous process (Sukumaran and
Knowles 2017; Stankowski and Ravinet 2021), and thus,
cryptic species may also exist at various points along
the speciation continuum, exhibiting varying degrees of
“crypticity” in genetic and morphological divergence.
Adopting this protracted view of speciation compli-
cates the distinction between cryptic, pseudo-cryptic,
and noncryptic species (Reis et al. 2020; Korshunova and
Martynov 2024). Taken together, these issues underscore
the need for a more robust and nuanced understand-
ing of the evolutionary history and dynamics of cryptic
species.

Within the framework of the Unified Species Concept
(de Queiroz 2005), the definition of cryptic species im-
plicitly assumes that genetically divergent clades repre-
sent independent evolutionary lineages, that is, species.
However, in most studies, the hypothesis of evolu-
tionary independence is rarely tested explicitly, lead-
ing to a disconnect between species concepts and op-
erational methodologies (de Queiroz 2005). In practice,
many cryptic species studies focus on quantifying ge-
netic divergence to characterize lineage independence
(Rannala and Yang 2020), often relying on proxies such
as genetic distance (Puillandre et al. 2021), tree-based
species delimitation algorithms (Fujisawa et al. 2016;
Kapli et al. 2017; Cerca et al. 2020), or site-pattern dif-
ferences (Jorger and Schrodl 2013). Diversification is
rarely a discrete process, especially at the early stages
of population differentiation. Instead, it is shaped by
the interplay between two opposing forces: divergence
and cohesion. These antagonistic processes jointly in-
fluence lineage splitting and fusion, generating a dy-
namic push-and-pull tension along the speciation con-
tinuum where species boundaries remain semiperme-

able (Seehausen et al. 2014; Stankowski and Ravinet
2021). This permeability can result in a chimeric assem-
blage of interconnected populations, where elements of
divergence are intertwined with gene flow, introgres-
sion, and hybridization—hallmarks of the “gray zone”
of speciation (Roux et al. 2016). As such, exclusively
focusing on divergence produces a one-sided perspec-
tive on evolution, often leading to the overestimation of
species numbers in empirical studies (Chan et al. 2022b).
To overcome this bias, it is necessary to integrate as-
sessments of both divergence and cohesion into species
delimitation frameworks (Chan et al. 2022b; Jackson et
al. 2017; Singhal et al. 2018, 2025; Prates et al. 2024).
This approach not only mitigates the shortcomings of
tree /distance-based methods but is also anchored to the
Unified Concept of Species by explicitly evaluating lin-
eage independence (de Queiroz 2005). By balancing the
quantification of divergence with an assessment of cohe-
sion, and recognizing species as dynamically evolving
metapopulation lineages that could be at various stages
of speciation (de Queiroz 2005), we can reduce taxo-
nomic inflation and develop a more robust and nuanced
understanding of cryptic species—and, potentially, their
contribution to the broader diversity of life on Earth.

Assessing cohesion often conflicts with conventional
approaches designed to quantify divergence. For in-
stance, tree-based methods and classical multispecies
coalescent models assume no gene flow following
species divergence (Rannala and Yang 2003), an assump-
tion directly at odds with the central aim of assess-
ing cohesion. When this assumption is violated, phy-
logenies can exhibit the artifactual branch effect, where
admixed lineages are erroneously inferred as distinct
species due to their long branches at early-diverging po-
sitions of clades (Chan et al. 2020b; Pyron et al. 2022;
Sanchez et al. 2024; Liu et al. 2025). Genetic distances
within species can also exceed those between species
when gene flow is present, a phenomenon known as the
species-definition anomaly zone (Jiao and Yang 2020). These
limitations are further exacerbated by the inconsistent
application of genetic distance metrics, which are heav-
ily influenced by the choice of calculation method, dis-
tance model, and data set (Chan et al. 2022a; Fregin et al.
2012). Therefore, if most cryptic species studies rely on
tree/distance-based methods that are prone to overesti-
mating species diversity, we find it reasonable to ques-
tion whether quantitative extrapolations and sweep-
ing claims regarding the prevalence of cryptic species
across the Tree of Life are tenable. More importantly, if
our fundamental understanding of cryptic species and
the speciation process in general is clouded by incor-
rectly applied methodologies, unclear definitions, and
inflated estimates, then it becomes imperative to re-
evaluate both the methods and assumptions driving
cryptic species research. Without this critical reassess-
ment, we risk perpetuating a distorted view of cryptic
species, one that conflates methodological artifacts with
biological reality.
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(a) Map of Southeast Asia with the study region (Malaysian states of Sabah and Sarawak) highlighted. (b) Limnonectes kuhlii

(unknown clade) and spatial distribution of samples labeled and colored according to mitochondrial clades (shown in panel C). Photo by S.T.H.
(c) Left tree: Maximum Likelihood phylogeny based on mitogenomes (16,532 bps) and supplemented with additional 16S sequences obtained
from GenBank. Names of species and their respective clade numbers are shown. Limnonectes asperatus, Clade 3, and Clade 4 are from Indonesian
Borneo and were unavailable for downstream analyses. Red asterisks indicated samples that were sequenced for genomic data. Right tree:
Species tree inferred using ASTRAL-III (13,661 gene trees). All major clades along the backbone of both phylogenies were fully supported.

Fanged Frogs in the Limnonectes kuhlii complex,
renowned for their extraordinary genetic diversity but
notaccompanied by consistent morphological or ecolog-
ical differentiation (Matsui et al. 2016), represent an ideal
empirical system for studying evolutionary dynamics
of cryptic species. Once considered a few widespread
species distributed widely throughout Southeast Asia,
molecular studies revealed extensive hidden diversity
within the complex (Emerson et al. 2000; McLeod 2010;
Matsui et al. 2016). These studies, primarily based on
single-locus mitochondrial DNA phylogenies, sparked
a wave of taxonomic revisions, leading to the descrip-
tion of at least 29 new species (Frost 2025). The pop-
ulations of the L. kuhlii complex on the island of Bor-
neo (hereafter referred to as Bornean Fanged Frogs; Fig.
1a) exemplify the seemingly remarkable cryptic diver-
sity of these frogs, forming a monophyletic group en-
compassing 20 putative lineages, 18 of which have
been formally described as distinct species (Matsui
and Nishikawa 2014; Matsui et al. 2014, 2024; Dehling

and Dehling 2017; Gonggoli et al. 2025b). Moreover,
some localities host up to four sympatric, non-sister
“species” (Fig. 1b, c), a pattern that has been in-
terpreted as evidence supporting lineage distinction
(McLeod 2010; Matsui et al. 2016).

Bornean Fanged Frogs exhibit limited phenotypic
and ecological disparity. Additionally, bioacoustics anal-
ysis of mating calls is intractable because they are ei-
ther voiceless, produce barely audible calls, or call ir-
regularly, making them difficult to record (Emerson and
Berrigan 1993). As such, species delimitation of Bornean
Fanged Frogs has solely relied on tree/distance-based
methods (McLeod 2010; Matsui et al. 2016, 2024), and
their species boundaries remain unvalidated by ge-
nomic data. Therefore, the purported but unvalidated
cryptic species diversity of Bornean Fanged Frogs, com-
bined with their complex, overlapping distributions,
that may have created opportunities for gene flow,
makes this an ideal system for studying the evolutionary
drivers of cryptic species, while serving as a cautionary
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case study for overdescribing cryptic species (Zachos et
al. 2013; Leaché et al. 2019; Mahony et al. 2024; Chambers
et al. 2025).

MATERIALS AND METHODS
Sampling and Genomic Data Collection

Genomic data were obtained from tissue samples
of 79 vouchered specimens housed at the Naturhis-
torisches Museum Bern, Switzerland (Supplementary
Table S1). The samples comprised populations and mi-
tochondrial lineages of the L. kuhlii complex across the
Malaysian states of Sabah and Sarawak on the island
of Borneo. Whenever possible, multiple samples from
every clade/nominal species were included, and their
identities were verified by incorporating them in a phy-
logenetic analysis that included sequences of holotypes
obtained from GenBank (Supplementary Table S1). Ge-
nomic data were obtained via target-capture sequenc-
ing using the FrogCap protocol. Our goal was to cre-
ate a set of universal amphibian markers that could be
targeted using a single set of probes. To initially se-
lect and design markers, we used the FrogCap marker
set V3 (Hutter et al. 2022; https:/ / github.com/chutter/
FrogCap-Sequence-Capture). We selected the full Frog-
Cap markers that were successfully captured across
Anura, selecting markers captured from the Ranoidea
V2 and Hyloidea V2 probe sets as well as the Metazoan
Amphibian probe set from Dietz et al. (2023). We also
added additional legacy markers, including those from
the rapidly evolving long exon capture (RELEC) marker
set (Karin et al. 2019) and anchored hybrid enrichment
(AHE) markers (Hime et al. 2021) extracted from their
respective publications by BLAST-ing to all the genomes
in Supplementary Table S2 and extracting the markers
from those genomes.

We aimed to add additional universal markers that
could potentially be compared and included in phy-
logenetic analyses with other groups of organisms.
We selected the Universal Single Copy Orthologs
(USCO) set of markers, which are orthologous genes
found across deep evolutionary scales (i.e., Kingdom,
Phylum, Class). To identify USCO markers present
across Anura, we used all the available amphibian
genomes (Supplementary Table S2). We used the pro-
gram BUSCO v.3.0.2 (Seppey et al. 2019) to locate and
identify the Vertebrate, Metazoan, and Tetrapoda USCO
markers in these genomes. We included genes where
at least half the genomes recovered USCO markers
and included at least one Salamander and Caecilian
sample.

To create baits from the FrogCap markers, a consen-
sus sequence was created from the alignments of the
selected markers, as this has been suggested to improve
target capture success across large phylogenetic scales,
and methods for bait design largely follow (Hutter
et al. 2022). For all the markers, we used BLAST and

extracted each orthologous gene from each genome and
separated each of the genes into exons based on the
boundaries determined by each genome’s annotations.
We aligned each exon and created a consensus sequence
for that exon from across all the genomes. The consen-
sus sequences were used to design a MYbaits-2 (120,000
baits) custom bait library (Arbor Biosciences), using 120
mer baits to best capture sequences with greater than
5% divergence from the probes. The finalized set of
markers was separated into probe sequences following
a 2x tiling scheme, starting 20 bp behind the start codon
of the exon and tiling 120 bp probes every 60 bp until
20 bp past stop codons. Individual probes were filtered
using these criteria: (1) excluded probes that matched
70% or greater of the length to multiple locations in
the genomes referenced above (Supplementary Table
S2) using BLAST; (2) kept probes with a GC content
between 30 and 50%; (3) retained probes if there were
no repetitive sequences based on RepeatMasker anno-
tations using the online server (Sun et al. 2015); and
(4) kept probes if there were no matches with BLAST
to other probes (using a 70% similarity criterion). This
resulted in a final set of 34,114 markers from 5,050
genes covering a total of 9,268,697 bp. The total num-
ber of markers from each type of data set is shown
in Supplementary Table S3. Raw FrogCap data were
processed using the accompanying bioinformatic R
package PhyloProcessR. Workflow details are available
at GitHub: https://github.com/chutter/
PhyloProcessR.

Phylogenomics and Network Analysis

Maximum likelihood (ML) consensus trees were in-
ferred using IQ-TREE-2 (Minh et al. 2020) for near-
complete mitogenomes and nuclear genomic loci sepa-
rately. Loci were concatenated and a partitioned anal-
ysis by loci was performed. Due to the large num-
ber of nuclear loci, substitution model testing was in-
tractable. Therefore, the most parameter-rich model
(GIR + F + I + G4) was applied to every parti-
tion/locus, a viable strategy for large genomic data sets
(Chan et al. 2020a). Branch support was assessed using
1000 Ultrafast Bootstrap replicates. IQ-TREE-2 was also
used to infer gene trees for each locus using the best-
fit substitution model inferred using ModelFinder. Indi-
vidual gene trees were then used as input for a species
tree analysis using ASTRAL-III (Zhang et al. 2018) and a
quartet-based network analysis using the NANUQ algo-
rithm (Allman et al. 2019) implemented in the R package
MSCquartets (Rhodes et al. 2021). As recommended by
the developers, we used high alpha (1e-70) and beta (0.1)
values for the NANUQ quartet hypothesis test to ensure
that inferred networks were highly significant. The pro-
gram SplitsTree (Huson and Bryant 2024) was then used
to visualize a splits network, minimum spanning net-
work, and cluster network, all of which were addition-
ally filtered at a weight threshold of 70, ensuring that
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inferred reticulation was supported by a high number
of quartets.

Population Structure

A data set comprising 13,659 unlinked single nu-
cleotide polymorphisms (SNPs; one SNP per locus; ex-
ons from genes were combined into a single locus) was
used to infer population structure using the program
sNMF (sparse non-negative matrix factorizations) im-
plemented in the R package LEA (Frichot and Frangois
2015). Ancestry coefficients were estimated for 1-20 an-
cestral populations (K) using 100 replicates for each K.
The cross-entropy criterion was then used to determine
the best K based on the prediction of masked genotypes.
To assess population clustering, we reduced the dimen-
sionality of the SNP data set using the t-distributed
stochastic neighbor embedding (t-SNE) algorithm that
can capture local structure of high-dimensional data
within two or three dimensions. This analysis was per-
formed with the R package Rtsne (Krijthe 2015) us-
ing the following settings: perplexity = 11, max itera-
tions = 1,000,000, and theta = 0.0.

Gene Flow and Species Delimitation

The program Dsuite (Malinsky et al. 2021) was used
to perform a four-taxon ABBA-BABA test to detect
introgression among clades. The Dtrios and f-branch
functions were used to calculate the D, f;-ratio, and f-
branch statistics. Migration rates were estimated using
the MSC-M model implemented in the program BPP
v 4.7.0 (Flouri et al. 2018) and performed through the
Python pipeline HHsD (Kornai et al. 2024). For com-
putational tractability, we performed this analysis on
100 randomly selected loci. The following settings were
used: theta prior = 3, 0.001 e; tau prior = 3, 0.03; burn-
in = 125,000; MCMC samples = 500,000. Other parame-
ters were left at default settings. We also employed the
hierarchical merge and split algorithms in HHSD to de-
limit species based on the genealogical divergence in-
dex (gdi) that considers population split times, popula-
tion sizes, and migration rates (Jackson et al. 2017). We
employed a threshold of gdi > 0.7, > 0.5 for the split al-
gorithm and gdi < 0.3, < 1.0 for the merge algorithm.

Divergence Profile

Distance-based species delimitation approaches im-
plicitly assume that lineages diverge in a predictable
manner, where genetic distance increases linearly as
they evolve from populations to species, and that in-
traspecific distances do not exceed interspecific ones. To
test this assumption, we constructed genome-wide di-
vergence profiles using several commonly applied met-
rics, including Dy, Fy, D, (net divergence), and uncor-
rected p-distances. We then compared the distributions

and relationships of these metrics with genomic marker
type and between populations versus species to test two
hypotheses: (1) Divergence patterns based on different
metrics are consistent across the genome (using marker
type as a proxy for genomic regions) and (2) divergence
increases linearly from populations to species.

For Hypothesis 1, we used the program pixy to cal-
culate unbiased estimates of nucleotide diversity (r),
D,y, and Fg by incorporating invariant sites and ac-
counting for missing data (Korunes and Samuk 2021).
Briefly, we generated a consensus alignment using EM-
BOSS to serve as a pseudo-reference. Raw reads that
have been quality-filtered and trimmed were mapped
to the pseudo-reference sequence using bwa-mem fol-
lowed by variant-calling using bcftools (Danecek et al.
2021). A BED file was then created to map the start-
ing and ending positions for each locus based on their
sequence lengths to ensure that calculations were per-
formed on a locus-by-locus basis as opposed to using
arbitrary sliding windows. Net divergence (D,) was cal-
culated using the formula Dyy~(x + 7y)/2, where x and
y represent the two populations compared. Correlations
and variation in the distributions of D,, Dyy, and F
among different marker types were calculated to deter-
mine whether divergence patterns are consistent across
the genome.

To test Hypothesis 2, we compared distributions of
pairwise divergences between and within species across
D., Dyy, Fst, and uncorrected p-distances (mitochondrial
and nuclear). To test for linearity, we used the Akaike
Information Criterion (AIC) to assess the fit of our data
to the following models: linear, polynomial, generalized
additive model (GAM), and spline. Finally, because the
mitochondrial 16S rRNA marker is ubiquitously used as
a proxy for species divergence, we tested whether ge-
netic distances between the mitochondrial and nuclear
genomes are correlated.

REsuLTs

Our full genomic data set consists of 13,661 highly in-
formative loci derived from several marker types: Frog-
Cap (6453 loci), BUSCO (3626), UCE (3177), AHE (178),
Functional (138), Legacy (69), and RELEC (20). After fil-
tering sequences with <500 bps and <100 parsimony-
informative sites (Hutter and Duellman 2023), the fil-
tered data set retained 9,968 loci. Detailed summary
statistics of the data are presented in Table 1. We re-
fer to putative species by their respective clade num-
bers rather than species names (Fig. 1c), which are not
central to this study and can be difficult to follow.
These clade numbers have been well-established and
consistently applied in the literature (Matsui et al. 2016,
2024), providing a coherent, standardized reference sys-
tem. Only two species from Malaysian Borneo were de-
scribed without an associated clade number: Limnonectes
cintalubang (outgroup) and Limmnonectes hikidai. Species
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TaBLE 1. Summary statistics of the different marker types sequenced in this study

Alignment

Marker # of loci length % Missing # Var. sites % Var. sites #PIS % PIS

AHE 178 472-2681 | 0.2-14.2 |44 52-720 | 255.4 3.6-40.0 | 15.5 41-479 | 168.6 2.3-28.4110.3
1684.3

BUSCO 3626 139-53,790 | 0.04-39.1 5.7 22-12,602 | 2.3-85.4136.5 6-9394 | 520.0 1.5-68.5126.5
1959.5 713.0

FrogCap 6453 148-9411 | 0.01-43.515.3 11-4595 | 359.6 3.1-90.8 | 42.8 5-3474 | 266.8 1.3-85.2 | 31.7
860.9

Functional 138 183-10,705 | 0.2-29.217.6 30-6330 | 752.7 9.6-80 | 41.7 16-4943 | 549.7 5.1-68.2 1 30.5
1810.2

Legacy 69 474-4272 | 0.4-20.0 | 4.5 38-1211 | 277.1 4.8-645|21.4 26-529 | 176 3.3-54.2 | 14.6
1357.1

RELEC 20 869-5648 | 0.2-22.3 5.1 107-778 | 370.1 5.3-32.8|16.4 73-482 | 240.6 3.9-17.5110.5
2408.3

UCE 3177 214-1666 | 0.05-18.6 | 3.4 7-7811180.5 0.8-77.3120.5 2-739 | 103.7 0.2-73.1]11.9
880.1

AHE = anchored hybrid enrichment; BUSCO = benchmarking universal single copy orthologs; FrogCap = custom-designed probeset for frogs;
Functional = known functional genes; Legacy = a set of commonly used genes in Sanger sequencing studies; RELEC = rapidly evolving long
exon capture; UCE = ultraconserved elements; PIS = parsimony-information sites. Values are shown as min-max | mean.

names and their respective clade numbers and associ-
ated metadata are provided in Supplementary Table S1.

Phylogenomics and Population Structure

ML phylogenies based on the mitogenome (16,532
bps), concatenated full genomic data set (14,992,489
bps), and the ASTRAL species tree phylogeny (13,661
gene trees) were fully supported at ancestral nodes
along the backbone of the phylogenies but showed dis-
cordance at the clade and individual levels (Fig. 1c;
Supplementary Figs. S1 and S2). Similar to previous
studies (Matsui et al. 2016, 2024), L. cintalubang was
consistently inferred as the first-branching lineage, serv-
ing as the outgroup to root our phylogenies. At the clade
level, Clades 1-17 and L. hikidai were monophyletic in
the mitogenomic phylogeny, but Clades 12, 13, and 16
were paraphyletic in the species tree (Fig. 1c). At the
individual level, several errant samples from Clades 1,
13, 12, 16, and 17 were discordant and placed in other
clades. Additionally, a new population from Mount
Hose (designated “Hose” Clade) was inferred as the
first-branching lineage of Clades 1, 2, and 5. Species
trees inferred separately for each marker type were
also highly discordant, though mostly well supported
(Supplementary Material).

The sNMF population structure analysis yielded
ambiguous results regarding the optimal number of
ancestral populations, K (Fig. 2a). The cross-entropy
criterion indicated that K values ranging from 6 to
14 had similar scores (Fig. 2b). The t-SNE analy-
sis largely reflected the sNMF results, with several
clades showing similar ancestries and forming tight,
overlapping clusters (Fig. 2c). These include Clade
1 + 2, Clade 7 + 8, Clade 11 + 12, Clade 13 + 14,
and Clade 15 + 16 + 17. Due to the lack of evi-
dence supporting their separation, we merged some
of these undifferentiated clusters to facilitate down-

stream gene flow and species delimitation analy-
ses.

Phylogenetic Networks Analysis

The NANUQ analysis of both the full and filtered
data sets revealed numerous quartets consistent with
a 4-cycle network, even at a stringent threshold of «
= le—70 (Fig. 3a). A splits graph based on intertaxon
distances from the NANUQ analysis showed extensive
reticulation, especially among Clades 10-17 (Fig. 3b-
d). A minimum spanning network identified six dis-
tinct clusters: L. cintalubang, L. hikidai, Clade 5, Clades
6 + 7 + 8, Clade 9, and Clades 10-17. Errant individ-
uals that were discordant in the phylogenies were in-
terspersed between Clade 5 and Clades 10-17 (Fig. 3c).
A cluster network further revealed numerous reticula-
tion edges across different evolutionary scales, suggest-
ing both ancestral and contemporary gene flow. Reticu-
lation within Clades 10-17 was more recent, whereas the
other clades exhibited older reticulation events (Fig. 3d).

Gene Flow, Introgression, and Species Delimitation

The Dsuite and F-branch analyses detected extensive
introgression across the major markers (Supplementary
Fig. S3). Ancestral introgression was high between L.
hikidai and the ancestral lineage leading to Clade 6—
8 and Clades 10-17, as well as between the lineage
leading to Clades 5-8 and that leading to Clades 10-
17 (Supplementary Fig. S3). These findings are consis-
tent with the NANUQ analysis, which also revealed
reticulation between the ancestral branches of these lin-
eages (Fig. 3d). The F-branch analysis further detected
more contemporary introgression between Clade 5 and
Clades 6-8; Clade 5 and Clade 13 + 14; Clade 7 + 8
and Clade 1 + 2 + 5; and Clade 13 + 14 and Clade
15 + 16 + 17 (Supplementary Fig. S3). Using 100 ran-

920z |udy gz uo Jasn (sewiun) yemeles eisAeey msianiun Aq L 2£5z18/1L000eAS/01gSAS/S601 01 /10p/a]01uB-29UBApPE/OIgSAS/W O dno olwapede//:sdiy wouy papeojumoq


https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syag001#supplementary-data

2026

CHAN ET AL. - A GENOMIC PERSPECTIVE ON CRYPTIC SPECIES 7

(a) k=14 k=13 k=12 k=11 k=10 k=9 k=8 k=7 k=6
| I I 1| 1| [

cintalubang
Hose

1+2

m
(T

hikidai

FIGURE 2.

(b)

Cross—-entropy
0.35 0.40 0.45 0.50
1 L 1 L
[ )

0.30
1

LIS o0

o000,
T T T T
5 10 15 20

Number of ancestral populations

(c)
® +
.15+16+17 7.8 o
LY A e hikidai
) ® G.
10 ®6 [ -
M+124
0 ° © cintalubang
9
o o o
o ©
137 14 o *2
B Hose
P &
" 1)
e S %
o
-8

-5 0 5

(a) Results of the sSNMF population structure analysis for K = 6-14. (b) Cross-entropy scores for K = 1-20. The most plausible K’s

range from 6-14. (c) Genomic clusters derived from a t-SNE analysis based on 100,000 iterations and perplexity = 20. Both sNMF and #-SNE

analyses were based on 13,659 unlinked SNPs.

domly loci selected from all marker types, directional
migration rates estimated from the MSC + migration
model in the program BPP indicated high asymmetri-
cal contemporary gene flow within and between ma-
jor clades (Fig. 4). When migration rates, population
split times, and effective population sizes were inte-
grated into a species delimitation framework under
the MSC + migration model, six species were sup-
ported, excluding the outgroup: Clade 1 4 2 4 5, Clade
6, Clade 7 + 8, Clade 9, Clade 10-17, and L. hikidai
(Supplementary Fig. 54 and Table S4). We were unable to
adequately assess the specific status of the “Hose” Clade
because it comprises a single sample, while preliminary
phylogenetic, population structure, and clustering anal-
yses were unable to confidently assign it to any other
population. However, the results clearly show that it is
a highly admixed lineage most closely related to Clade
1 4 2 4 5; thus, we provisionally assign it to that clade.
Due to this uncertainty and its highly admixed genetic

makeup, we excluded it from downstream analyses to
avoid potential bias.

Consistency across Different Markers

We also performed network and migration analyses
on AHE, BUSCO, FrogCap, and UCE markers sepa-
rately to assess the consistency of results across different
marker types (the other markers had <300 loci and were
not assessed). The NANUQ analysis showed variable
results. Notably, the UCE data set showed no evidence
of reticulation, whereas the other marker types showed
variable levels (Fig. 5a). Migration rates were also highly
variable. No significant migration (M < 0.1) was de-
tected from AHE and UCE markers, while BUSCO and
FrogCap markers detected different levels of migration
across different population pairs (Fig. 5b). Overall, net-
works, migration rates, split times (tau), and population
sizes (theta) also varied widely across different marker
types (Fig. 5; Supplementary Tables S5-57).
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(a) Simplex plot from the NANUQ quartet hypothesis test showing rampant gene flow. Circle points correspond to quartets that

form a bifurcating tree (no gene flow), whereas triangles correspond to quartets forming a 4-cycle network (gene flow). (b) A split graph based on
intertaxon distances calculated from NANUQ. Stars at tips are putative hybrids that form paraphyletic clades and are highly discordant among
trees. (c) A minimum spanning network based on NANUQ intertaxon distances. Stars represent putative hybrids. (d) A cluster network from
NANUQ filtered at a weight threshold of 70 to reduce noise and weakly supported networks. Blue lines represent highly supported quartets

(>70) that form a network, and colors represent mitochondrial clades.

Divergence Profile and the Speciation Continuum

Pairwise population comparisons of net divergence
(D,) revealed a three-stage gradient (Fig. 6a). The
lowest net divergences (D, < 0.005) were observed
between Clades 7 and 8 and among Clades 13-17,
followed by a gradual increase between 0.005 and
0.02, a range that corresponds to the gray zone of
speciation (Roux et al. 2016). The third stage showed
a sharper increase associated with comparisons in-
volving the outgroup (L. cintalubang). Divergence
patterns varied across metrics and marker types. UCE
and AHE markers exhibited the lowest D, and Dyy
values, whereas FrogCap, BUSCO, and functional

markers were the highest. However, this pattern
was not observed in Fy, which showed the oppo-
site pattern, where FrogCap, BUSCO, and Func-
tional markers had the highest values (Fig. 6a,
b). Similarly, D, and D,y; were highly correlated
(R = 0.919), whereas Fy; was the least correlated
with Dy, (R = 0.273) and moderately correlated
with D, (R = 0.572) (Fig. 6b). Across all metrics, the
only consistent pattern was that Clades 7 and 8, and
Clades 13-17 had significantly lower divergences (Fig.
6a).

We determined the boundaries of species and pop-
ulations based on the results of previous analyses per-
formed in this study that supported a six-species de-
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Within Major Clades Between Major Clades

(a) Species tree inferred using ASTRAL. (b) Geographic distribution of populations among which significant ongoing gene flow

(migration > 0.10) was inferred. For ease of interpretation, populations with low /no ongoing gene flow are not shown on the map. (c) Direction
and magnitude of migration rates among populations with high gene flow (migration > 0.1) estimated using the MSC-M model in the program
BPP. The diagram is split into the two major clades, A and B, to show migration within and between major clades.

limitation scheme (excluding the outgroup taxon L. cin-
talubang): Clade 1 + 2 4 5, Clade 6, Clade 7 + 8,
Clade 9, Clade 10-17, and L. hikidai. Divergence pat-
terns of species and populations were highly corre-
lated between D, and Dyy (R = 0.855) and least cor-
related between D,y and Fy (R = 0.195; Fig. 6¢). No-
tably, D,y and Fs; showed a weak correlation within
species (R = 0.267) and no correlation between species
(R = 0.057) (Fig. 6¢c). When divergences were aggre-
gated and compared across the genome (all mark-
ers combined), genetic distances within several species
exceeded distances between species, a phenomenon
known as the species-definition anomaly zone (Jiao and
Yang 2020) (Fig. 7). For D, and p-distances, the species-
definition anomaly zone was restricted to the earlier
stages of the gray zone at the boundary between pop-
ulations and species but was distributed throughout the
entire speciation continuum for Fy (Fig. 7). Model test-
ing showed that a linear model had the poorest fit to
the data, whereas a generalized additive (GAM) or poly-
nomial model had the best fit (Supplementary Table
S8).

DiscussioN
Insights into the Speciation Continuum

Empirical representations of the speciation contin-
uum are often derived from model taxa (Seehausen et
al. 2014; Supple et al. 2015) or reconstructed from un-
related taxon pairs at various stages of diversification
(Edwards et al. 2016; Roux et al. 2016; McLaughlin et
al. 2020). In this study, we demonstrate that Bornean
Fanged Frogs encompass the full spectrum of the speci-
ation continuum within a single species complex span-
ning a large continuous landscape. This system pro-
vides a unique opportunity to investigate the gradual
process of speciation within a single continuously di-
verging clade. We identified three distinct stages within
the speciation continuum: an initial stage, a gray zone,
and a terminal stage. The initial stage comprised early-
diverging populations that were clearly not evolving in-
dependently and consistently exhibited low divergence
across all metrics (i.e., Clades 7 + 8 and 13-17) (Figs.
6a and 7). The terminal stage corresponds to complete
speciation, exemplified by the most basal lineage, L.
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quartets that form a bifurcating tree (no gene flow), whereas triangles correspond to quartets forming a 4-cycle network (gene flow). Other marker
types contained less than 300 loci and were not assessed. (b) Heatmap of directional migration rates estimated from 100 randomly selected loci

from each of the four major marker types.

cintalubang—the only uncontroversial species that ex-
hibits clear phenotypic (significantly smaller size, or-
ange hindlimbs, and presence of bluish-white spots) and
ecological differentiation (burrow- vs. stream-dwelling)
(Matsui et al. 2014). The gray zone lies between the ini-
tial and terminal stages of divergence and corresponds
remarkably well with the 0.5-2% net divergence range
(Fig. 6a) previously identified through comparative ge-
nomic analysis of 61 unrelated taxon pairs (Roux et
al. 2016). Within this zone, populations and species ex-
hibit unpredictable and nonlinear patterns of divergence
(Figs. 6 and 7; Supplementary Table S8), creating con-
siderable challenges for taxonomic inference. Further-
more, divergence profiles vary among metrics, marker
types, and taxonomic scales (populations vs. species),
reflecting differential evolutionary rates across genes
and hierarchical levels (Romeiro-Brito et al. 2016).

Heterogeneity across Metrics, Methods, and Markers

As expected, D, and D,;, were highly correlated
because their calculations are related. However, D,
showed less variation across the genome than D,y (Fig.
6a), likely because D, corrects for within-population
diversity while D,y measures absolute divergence. F
showed a weaker correlation with Dy, than with D,
(Fig. 6b), consistent with the fact that both Fy; and D,
account for intrapopulation variation, whereas D,y re-
flects total divergence, including both fixed differences
and shared polymorphisms. Between-species compar-

isons showed that the relationship between D,y and
Fst becomes decoupled (R = 0.057; Fig. 6c). This pat-
tern suggests that while absolute sequence divergence
(Dxy) accumulates over time, population differentiation
(Fst) saturates or increases more slowly, potentially due
to ancestral polymorphisms shared through historical
gene flow that inflate D4y but contribute less to con-
temporary differentiation. Alternatively, if gene flow
has ceased between species, divergence may accumu-
late primarily through lineage-specific mutations that
increase Dy, while Fy; reaches an asymptote apparently
determined by effective population sizes. In contrast,
within-species comparisons showed a positive correla-
tion between D,y and Fy (R = 0.267; Fig. 6¢). This pat-
tern is consistent with incomplete reproductive isolation
and ongoing or recent gene flow, under which diver-
gence accumulates through drift and mutation. How-
ever, gene flow remains insufficient to fully homoge-
nize populations, allowing both D,y and F; to increase
together. Notably, asymmetrical gene flow could create
heterogeneous patterns where some population pairs
diverge more rapidly than others. The differences in
correlation strength and slope between population and
species comparisons demonstrate that the dynamics of
divergence differ fundamentally across these taxonomic
scales. More importantly, we show that divergence in
the gray zone is not linear (Fig. 6c, 7; Supplementary
Table S8), reflecting the complex interplay of gene
flow, drift, and selection during the early stages of
diversification.
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FIGURE 6. A genome-wide divergence profile of the speciation continuum. (a) Median values of D,, Dyy, and Fs; across different marker types.
The horizontal lines demarcate the lower and upper bounds of the gray zone (0.005 < D, < 0.02). All pairwise populations (x-axis) that fall within
the gray zone are highlighted in a box. Plots are ordered according to ascending median D, to compare consistency among marker types. (b)
Distributions and correlations of D,, Dy, and Fst compared across different marker types and (c) between- and within-species comparisons.
Species are grouped based on results from all other analyses: Clade (1 + 2 4 5), Clade 6, Clade (7 + 8), Clade 9, Clade 10-17, and L. hikidai.

Different analytical approaches and markers revealed
contrasting patterns of gene flow. Quartet-based gene
tree analysis (NANUQ) detected gene flow in AHE,
BUSCO, and FrogCap markers, but not UCEs (Fig.
5a); site-based ABBA-BABA tests using SNPs showed
variable introgression signals across all four marker
types (Supplementary Fig. S3); whereas sequence-based
migration rate estimates detected strong migration in
BUSCO and FrogCap markers but not in AHE and
UCEs (Fig. 5b; Supplementary Table S6). These dis-
cordant results demonstrate that analytical approach
(quartet-, site-, or sequence-based), data type (gene
trees, SNPs, or sequences), and genomic target (AHE,
BUSCO, FrogCap, or UCE) vary considerably in their
utility to detect gene flow across different time scales
(historical vs. ongoing). These disparities likely reflect
microevolutionary processes acting on different parts
of the genome. Selection can generate false positives,
leading to elevated estimates of migration rates in
non-neutral loci (Smith and Hahn 2024), while the

magnitude and presence of gene flow could be associ-
ated with recombination rates (Nachman and Payseur
2012; Thom et al. 2024; Burbrink et al. 2025). Fur-
thermore, gene flow itself involves many parameters,
including timing, directionality, and rate, and model
misspecifications can further lead to erroneous esti-
mates (Thawornwattana et al. 2025). These complexities
caution against relying on any single line of evidence, as
apparent conflicts among methods may reflect genuine
biological heterogeneity. It is thus not realistic to expect
that a single marker type or analytical framework can
fully capture the temporal and genomic complexity
of diversification. Therefore, it is imperative for re-
searchers to carefully match their choice of markers
and methods to their specific research questions—
whether investigating ancient introgression, ongo-
ing migration, phylogenetic relationships, or species
boundaries—while employing integrative approaches
that account for methodological limitations and genome
heterogeneity.
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Notably, our findings demonstrate that UCEs, while
highly effective for resolving phylogenetic relationships
(Faircloth et al. 2012), are less appropriate for inferring
recent demographic processes such as ongoing migra-
tion. UCE core regions are under strong purifying selec-
tion (Bejerano et al. 2004; Winker et al. 2018; Cummins
et al. 2024; Thomas et al. 2025), which reduces ge-
netic diversity not only in the core regions but also in
nearby flanking regions through background selection
(Charlesworth et al. 1993; Thomas et al. 2025). This lim-
ited variation makes UCEs poor targets for methods
that rely on polymorphisms to infer recent demographic
events but excellent for phylogenetics due to low gene
tree discordance (Thomas et al. 2025). Conversely, Frog-
Cap and BUSCO markers target protein-coding genes
where synonymous sites can accumulate variation more
freely (Simao et al. 2015). In such regions, deleterious
mutations are likely removed by purifying selection, but
synonymous variation or mildly beneficial alleles are
allowed to persist (Charlesworth et al. 1993; Elyashiv
et al. 2016). UCE markers may fail to detect ongoing
migration using methods that rely on sequence varia-
tion such as BPP because little neutral variation is pre-
served in those regions due to background or linked
selection.

The ABBA-BABA test differs from sequence-based
methods by operating on biallelic SNP patterns rather
than modeling mutation and drift processes. This al-
lows it to detect introgression even in conserved loci
like AHE and UCEs by leveraging patterns of shared
derived alleles among taxa (Denton et al. 2018; Winker
et al. 2018). Introgressed alleles, once established in
a genome, can persist and create detectable asymme-
tries in allele sharing even when overall variability
is low. However, ABBA-BABA cannot distinguish be-
tween recent and ancient introgression and may fail
to detect ongoing migration if gene flow has not yet
generated strong asymmetrical allele sharing patterns
across the genome. Collectively, our results demonstrate
that while AHE and UCEs can detect historical in-
trogression in some cases, they may not be ideal for
inferring recent or ongoing gene flow. For fine-scale
demographic questions, markers with more polymor-
phic sites and less severe selection constraints can bet-
ter capture recent evolutionary dynamics, though re-
searchers must remain cognizant of potential biases in-
troduced by selection at functional loci (Johri et al.
2021)

Recombination rates may also influence gene flow
detection across different marker types. Regions with
higher recombination rates facilitate detection because
recombination breaks up linkage to deleterious alle-
les and prevents background selection from reducing
genetic variation, allowing migrant alleles to persist
and remain detectable (Thom et al. 2024; Burbrink et
al. 2025). Conversely, low-recombination regions ex-
perience stronger effects of linked selection, where
large haplotype blocks move together and variation

is more readily purged by selection against linked
deleterious mutations (Schumer et al. 2018; Tigano
et al. 2022). This reduction in variation can make
recent gene flow more difficult to detect, though
ancient introgression events may still be detectable
if introgressed haplotypes became established before
variation was lost. UCEs, which likely occur in re-
gions with lower recombination rates and strong pu-
rifying selection, may lose variation through persis-
tent background selection, reducing the genetic poly-
morphism available for detecting recent migration
(Thom et al. 2024; Thomas et al. 2025).

Empirical Confirmation of the Species-Definition Anomaly
Zone

This study presents the first empirical evidence of
the species-definition anomaly zone that was theoretically
posited but never conclusively demonstrated empiri-
cally. The species-definition anomaly zone refers to a sce-
nario where different population sizes and asymmetri-
cal migration rates cause within-species divergence to
exceed between-species divergence, where divergence
is measured by gene tree probability or average ge-
netic distance (Jiao and Yang 2020). Our results pro-
vide evidence for asymmetrical migration rates (Fig.
5b; Supplementary Table S5), large differences in pop-
ulation sizes (Supplementary Table S7), phylogenetic
discordance, and instances where within-species diver-
gences are greater than between-species divergences
across different metrics (Fig. 7). Although divergence
estimates could be affected by the small sample sizes
of certain populations, we do not believe that it has
significantly biased the results. If systematic bias were
present, we would expect to observe a correlation be-
tween sample size and estimations of metrics relevant
to calculating divergence. For example, Clade 1 has a
sample size of n = 2 but has the second-highest es-
timate of nucleotide diversity (7), whereas Clade 10,
which also has a sample size of n = 2, has one of the
lowest. Limnonectes hikidai, which has one of the largest
sample sizes (1 = 10) has a moderate 7, whereas Clade
13 (n = 6), has the highest 7 among all populations
(Supplementary Fig. S5). Therefore, although small sam-
ple size could affect the accuracy of estimates, it does
not appear to systematically bias broader patterns of
divergence.

Except for Fy, the species-definition anomaly zone ap-
pears to be restricted to the first half of the specia-
tion continuum, where populations are in the earlier
stages of divergence (Fig. 7). By estimating relevant
demographic parameters (e.g., migration and popula-
tion size), assessing gene tree discordance, and charac-
terizing genome-wide divergence profiles, we demon-
strate a mechanistic link among several confounding
phenomena, such as phylogenetic discordance, the ar-
tifactual branch effect, and the species-definition anomaly
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zone, all of which are driven by gene flow within the gray
zone.

Diversification Dynamics in the Gray Zone Create an
llusion of Cryptic Species

The complex diversification dynamics in the gray
zone, which can manifest in confounding phenom-
ena such as the artifactual branch effect and the species-
definition anomaly zone, create an illusion of high species
diversity. Meanwhile, historical and ongoing gene flow
can result in continuous variation in morphological
traits (Stefanello et al. 2021). This scenario provides a
surprisingly straightforward explanation for the evolu-
tionary origins, purported high diversity, and defining
characteristics of cryptic species—genetic divergence
coupled with morphological similarity. This gene-flow-
driven process (herein referred to as the gene flow
hypothesis) differs from other proposed explanatory
models (Fiser et al. 2018), such as the recent diver-
gence hypothesis: insufficient time for morphological
differences to evolve (Egea et al. 2016); the phyloge-
neticniche conservatism hypothesis: selection maintains
morphological stasis (Smith et al. 2011); or the morpho-
logical convergence hypothesis—morphological simi-
larity driven by convergent evolution (Stayton 2006).
The gene flow hypothesis expands our understanding
of cryptic species as possible outcomes of continuous
diversification in the gray zone, rather than simply ge-
netically distinct units that failed to evolve morphologi-
cal differentiation. This new perspective reconciles oth-
erwise anomalous patterns, such as high genetic but low
morphological divergence and the occurrence of non-
sister lineages in sympatry. Nevertheless, the gene flow
hypothesis complements rather than replaces other pro-
posed mechanisms underlying the evolution of cryptic
species and offers a novel, nuanced, and dynamic evo-
lutionary framework for identifying and understanding
cryptic biodiversity across the Tree of Life.

Cryptic Species Delimitation

Our results show that the evolutionary histories of
cryptic species can be heavily shaped by gene flow, con-
founding divergence estimates and phylogenetic infer-
ences, linking evolutionary trajectories of populations,
and blurring species boundaries. Consequently, widely
used methods that rely on guide trees and divergence
thresholds while ignoring gene flow risk overestimating
species diversity through two key mechanisms. First,
gene flow creates lineages with mixed ancestry that are
inferred as long, seemingly distinct branches, often po-
sitioned basally to the parental clade that contributes
the most alleles—the artifactual branch effect (Chan et al.
2022b, 2023), which is increasingly being documented
in the literature (Dolinay et al. 2021; Pyron et al. 2023;
Barley et al. 2024; Sanchez et al. 2024; Waldron et al. 2024;
Liu et al. 2025). In Bornean fanged frogs, Clades 1, 2, 10,

11, 12, and “Hose Clade” exemplify this phenomenon,
highlighting the inability of conventional bifurcating
phylogenies to accurately depict reticulate evolutionary
history. When applied to downstream species delimita-
tion approaches, artifactual branches are invariably mis-
interpreted as distinct species due to their long branch
lengths and distinct topological placement, generating
an illusion of deep divergence.

Second, we demonstrate that different distance met-
rics, such as D,, Fy, and uncorrected p-distances (mito-
chondrial or nuclear), do not provide consistent mea-
sures of intra- and interspecific divergence (Fig. 7).
We showed that D, and nuclear p-distances were the
most congruent (albeit not precise) with population and
species boundaries, whereas mitochondrial p-distances
and Fy were the least congruent and most affected
by the species-definition anomaly zone, where multiple
within-species divergences exceeded divergences be-
tween species. These discordant results demonstrate
that widely used divergence metrics can produce erratic
results in the face of gene flow and are thus poor proxies
for species divergence, further undermining the static
threshold approach for species delimitation.

This study illustrates the importance of extensive
geographic sampling to obtain a more comprehensive
understanding of divergence and cohesion. However,
whereas we have sampled the Malaysian region of Bor-
neo extensively, the Indonesian region of Kalimantan re-
mains sparsely sampled. At least four nominal species
occur in central and southeastern Kalimantan (Inger et
al. 1996, Gonggoli et al. 2025a, 2025b) that were not
available for our study. Of these, the mitochondrial phy-
logeny shows that Clade 3 + 4 from southeastern Bor-
neo (Kalimantan) is sister to Clade 1 + 2 from north-
eastern Borneo. Given the highly admixed genotype of
Clade 1 + 2 that readily exchanges genes with other
sympatric lineages, gene flow between Clade 1 4 2 and
Clade 3 + 4 is plausible. A tract of potentially suitable
habitat along the entire eastern arc of Borneo connects
their distributions, creating opportunities for gene ex-
change. However, the region between their ranges re-
mains unsampled. The widely distributed Clade 5 may
also occur there, potentially acting as a conduit for gene
flow.

Broader Implications

Our findings reveal that reticulate evolution can
play a major role in the evolutionary history of cryp-
tic species, causing tree- and distance-based approaches
to overestimate species diversity. Because these ap-
proaches are commonly used to detect cryptic and
noncryptic species alike (Rannala and Yang 2020), re-
ports on the prevalence of cryptic species across the
Tree of Life could be considerably inflated, with pro-
found ramifications for conservation. Misidentifying
admixed lineages as distinct species atomizes taxon-
omy, artificially reducing distribution ranges and es-
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timates of effective population sizes, while increasing
perceived extinction risks for “range-restricted, micro-
endemic” taxa (Cerca et al. 2020). Such misrepresenta-
tion elevates their conservation value, potentially mis-
guiding resource allocation and undermining effective
conservation (Prie et al. 2012; Zachos 2013; Duarte et
al. 2014; Oates and Ting 2015; Conix 2019; Folt et al.
2019; Robuchon et al. 2019; Berrilli et al. 2024; Clavero
et al. 2024; Mahony et al. 2024). The oversplitting of
Bornean Fanged Frogs (Matsui et al. 2024) exempli-
fies this issue, where 14 named entities assessed in
this study (eight of which are not distinct species)
have been assigned excessively restricted ranges, sev-
eral of which are erroneously defined outside pro-
tected areas, meeting the criteria for conservation threat
status.

Ultimately, the prevalence of cryptic species reflects
not just biological reality but also the limitations of cer-
tain methods when applied to organisms actively di-
versifying in the gray zone. By recognizing gene flow’s
central role in shaping cryptic diversity and adopt-
ing integrative, hypothesis-driven approaches to species
delimitation, we can move toward a more accurate
understanding of biodiversity—one that acknowledges
the dynamic, continuous nature of diversification while
maintaining the taxonomic stability essential for effec-
tive conservation and comparative biology.
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