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Abstract

Most new cryptic species are described using conventional tree- and distance-based species delimitation methods (SDMs), which
rely on phylogenetic arrangements and measures of genetic divergence. However, although numerous factors such as spatial
population structure and gene flow are known to confound phylogenetic and species delimitation inferences, the influence of
these processes on species estimation is rarely evaluated. Using large amounts of exons, introns, and ultraconserved elements
obtained using the FrogCap sequence-capture protocol, we compared conventional SDMs with more robust genomic analyses
that assesses spatial population structure and gene flow to characterize species boundaries in a Southeast Asian frog complex
(Pulchrana picturata). Our results showed that gene flow and introgression can produce phylogenetic patterns and levels of
divergence that resemble distinct species (up to 10% divergent in mitochondrial DNA). Hybrid populations were inferred as
independent (singleton) clades that were highly divergent from adjacent populations (7–10%) and unusually similar (<3%) to
allopatric populations. Such anomalous patterns are not uncommon in Southeast Asian amphibians, which brings into question
whether the high cryptic diversity observed in other amphibian groups reflect distinct cryptic species—or, instead, highly
structured and admixed metapopulation lineages. Our results also provide an alternative explanation to the conundrum of
divergent (sometimes non-sister) sympatric lineages–a pattern that has been celebrated as indicative of true cryptic speciation.
Based on these findings, we recommend that species delimitation of continuously distributed “cryptic” groups should not rely
solely on conventional SDMs but should necessarily examine spatial population structure and gene flow to avoid taxonomic
inflation.

Introduction

Species delimitation plays a pivotal role in biodiversity research, with potential cascading effects in con-
servation and other applied sciences (Devitt, Wright, Cannatella, & Hillis, 2019; Stanton et al., 2019). As
the majority of uncontroversial, obviously distinct lineages have been described, attention is now turning
towards identification of “cryptic” species complexes that are composed of two or more phenotypically similar
but, ostensibly, genetically divergent closely-related species (Struck et al., 2018). The rise in cryptic species
discoveries is largely driven by the expansive use of molecular data and new methods for analyses of increas-
ingly large datasets, which have enabled us to elucidate genetic structure at an unprecedented geographic
scale, depth, and resolution. However, most new cryptic species have, to date, been identified or described
using tree- and distance-based methods, which rely on phylogenetic arrangements and genetic divergence
thresholds (Brown & Stuart, 2012; Fǐser, Robinson, & Malard, 2018; Hillis, 2019). This is disconcerting
because an increasing number of genomic studies are now demonstrating that phylogenetic estimation (and
by implication, most downstream species delimitation inferences) can be biased or misled by factors such as
incomplete lineage sorting and gene flow (e.g. Jones, 2018; Leaché et al., 2015; Linkem, Minin, & Leaché,
2016; Long & Kubatko, 2018; Mendes & Hahn, 2018; Roch, Nute, & Warnow, 2019; Xu & Yang, 2016),
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thereby obfuscating the distinction between population structure and species divergence (Chan et al., 2017;
Drillon, Dufresnes, Perrin, Crochet, & Dufresnes, 2019; Harrison & Larson, 2014; Luo, Ling, Ho, & Zhu,
2018; Maguilla & Escudero, 2016; McFadden et al., 2017; Morales & Carstens, 2018; Quattrini et al., 2019;
Supple, Papa, Hines, McMillan, & Counterman, 2015; Surveswaran, Gowda, & Sun, 2018). As such, it re-
mains unclear whether the purportedly high levels of hidden diversity within many cryptic species complexes
consist of distinct, undescribed species, or instead, genetically structured metapopulation lineages that are
not evolutionarily isolated.

Nevertheless, these confounding factors are usually ignored when delimiting cryptic species, and empirical
studies that consider these potentially confounding factors are the exception rather than the norm (Camargo,
Morando, Avila, & Sites, 2012; Chambers & Hillis, 2020; Chan et al., 2017; Dufresnes et al., 2020; Morales
& Carstens, 2018; Stanton et al., 2019). Therefore, understanding the effects that these processes may have
on species delimitation inferences are critical to avoid erroneous estimations of species diversity, particularly
in biodiversity hotspots such as Southeast Asia, where cryptic species have been widely interpreted as being
responsible for a large portion of this imperilled region’s purportedly unrecognized biodiversity (Brown &
Stuart, 2012; Inger, Stuart, & Iskandar, 2009; Koh et al., 2013; Sodhi, Koh, Brook, & Ng, 2004; Wilcove,
Giam, Edwards, Fisher, & Koh, 2013).

Genomic methods can reveal genetic structure in unparalleled detail (e.g. Benestan et al., 2015; Chan et
al., 2017; Lim et al., 2017; Schield et al., 2018), but accurately characterizing species boundaries within a
geographically-explicit spatial and evolutionary framework remains challenging. Continuous geographic cli-
nes may appear as isolated population clusters if geographic sampling is discontinuous or when the clustering
model does not account for confounding spatial processes such as isolation-by-distance (Bradburd, Coop,
& Ralph, 2018; Fenderson, Kovach, & Llamas, 2020; Slager et al., 2020; Tonzo, Papadopoulou, & Ortego,
2019). Furthermore, gene flow among populations, and even species, can bias species tree estimation and
produce incorrect topologies (Eckert & Carstens, 2008; Edwards, Potter, Schmitt, Bragg, & Moritz, 2016;
Ginsberg, Humphreys, & Dyer, 2019; Hahn & Nakhleh, 2016; Hinojosa et al., 2019; Leaché, Harris, Rannala,
& Yang, 2014; Soĺıs-Lemus, Yang, & Ané, 2016). These errors can then be exacerbated in downstream spe-
cies delimitation analyses that are predicated on the species tree, which is assumed to be correct (Talavera,
Dincǎ, & Vila, 2013; Xu & Yang, 2016; Yang & Rannala, 2010). Additionally, performing species deli-
mitation analysis on genome-scale data faces the problem of computational scalability (Bryant, Bouckaert,
Felsenstein, Rosenberg, & Roychoudhury, 2012; Fujisawa, Aswad, & Barraclough, 2016; Ogilvie, Heled, Xie,
& Drummond, 2016) and distinguishing between population-level structure and species divergence (Barley,
Brown, & Thomson, 2018; Chan et al., 2017; Jackson, Carstens, Morales, & O’Meara, 2017; Leaché, Zhu,
Rannala, & Yang, 2019; Luo et al., 2018; Sukumaran & Knowles, 2017; Supple et al., 2015).

Most species delimitation methods either disregard gene flow (distance-based methods) or assume that
gene flow is absent (e.g. multispecies coalescent methods, MSC; Jackson et al., 2017; Leaché et al., 2019).
Consequently, one of the adverse effects of ignoring gene flow is that MSC methods tend to overestimate
species numbers by inferring population structure as species divergence (Chambers & Hillis, 2020; Leaché et
al., 2019; Luo et al., 2018; Sukumaran & Knowles, 2017; Wagner, Härtl, Vogt, & Oberprieler, 2017; Wagner et
al., 2020). To date, few methods jointly estimate and model gene flow into the species delimitation framework;
the exceptions, or methods that do characterize gene flow are computationally expensive for larger genomic
datasets comprising >3–5 populations (Jackson et al., 2017; Smith & Carstens, 2019). As an alternative,
modular approaches that separately test for confounding effects can provide additional independent lines of
evidence to differentiate between population and species-level divergence (Chambers & Hillis, 2020; Chan et
al., 2017; Dincă, Lee, Vila, & Mutanen, 2019; Dufresnes et al., 2020; Morales & Carstens, 2018; Zheng et al.,
2017). Such analyses are not reliant on a single species tree, which can be challenging to estimate accurately
(see references above) or may not even be present (Hahn & Nakhleh, 2016). Instead, modular approaches
utilize population genetic markers, parameter estimates, or gene trees from thousands of loci, to provide
a more unbiased representation of phylogenetic variation (Blischak, Chifman, Wolfe, & Kubatko, 2018;
Buerkle, 2005; Frichot, Mathieu, Trouillon, Bouchard, & François, 2014; Leaché et al., 2019). We employed
such an approach to infer species boundaries in Southeast Asian Spotted Stream Frogs of the Pulchrana
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picturata complex, which have been shown to potentially comprise numerous cryptic species (Brown & Siler,
2014).

Currently, Pulchrana picturata is considered a single species that exhibits notable but non-discrete (con-
tinuous) morphological variation throughout its distribution in southern Thailand, Peninsular Malaysia,
Sumatra, and Borneo (Brown & Guttman, 2002; Frost, 2019). High levels of genetic structure and up to
10% mitochondrial divergence (16S rRNA gene) have been detected among strongly-supported and geogra-
phically circumscribed clades (Brown & Siler, 2014), suggesting that this complex could comprise multiple
cryptic species. Moreover, instead of being nested within the Bornean clade, one population from Borneo
was recovered as nested within a separate, Thailand, Peninsular Malaysia, and Indonesia clade with high
support (supplementary figure S3 in Brown & Siler, 2014), alluding to the possibility that gene flow may
have biased phylogenetic inference in that study using only a handful of loci (Brown & Siler, 2014).

Accordingly, we undertook the present study, using a newly developed target-capture protocol specifical-
ly designed for anurans (FrogCap; Hutter et al., 2019) and obtained more than 12,000 informative loci
consisting of exons, introns, and ultraconserved elements (UCEs) from representative populations across
the distributional range of P. picturata to determine whether deep divergences among clades and observed
geographically-structured genetic variation correspond with statistically-defensible cryptic species bounda-
ries. Specifically, we test for gene flow among genetically structured populations and assess its effects on
phylogenetic and species boundary inferences to determine whether species delimitation based on phyloge-
netic arrangement and genetic divergence can accurately estimate cryptic species diversity.

Materials and Methods

Sampling and sequencing

Our sampling design is predicated on a Sanger-based molecular phylogenetic analysis with comprehensive
geographical sampling by Brown & Siler (2014). Based on their multilocus phylogeny (figure S3 in Brown
& Siler, 2014), we strategically selected samples from each notably divergent clade, making sure to include
samples from different geographic populations to adequately capture the genomic diversity within this species
complex. A total of 24 samples were genotyped using the FrogCap sequence capture marker set (Ranoidea
V1 probe set; Hutter et al., 2019) including 10 outgroup samples (Boophis tephraeomystax, Mantidactylus
melanopleura, Cornufer guentheri, andAbavorana luctuosa , Pulchrana banjarana, P. siberu, andP. signata
), and 14 ingroup samples of the P. picturatacomplex from throughout its distribution range in Peninsular
Malaysia, Sumatra, and Borneo. For assurances of taxonomic and nomenclatural clarity, we included a sample
from the type locality [Mount Kinabalu, Sabah; sensu Brown and Guttman’s (2002) lectotype designation].
Tissue samples were obtained from the museum holdings of the University of Kansas Biodiversity Institute,
Kansas (KU), Field Museum of Natural History, Chicago (FMNH), and La Sierra University Herpetological
Collection, California (LSUHC; Table S1). Genomic DNA was extracted using the automated Promega
Maxwell® RSC Instrument (Tissue DNA kit) and subsequently quantified using the Promega Quantus®
Fluorometer. Library preparation was performed by Arbor Biosciences using the MyBaits v3 protocol and
briefly follows: (1) genomic DNA was sheared to 300–500 bp; (2) adaptors were ligated to DNA fragments;
(3) unique identifiers were attached to the adapters to later identify individual samples; (4) biotinylated
120mer RNA library baits were hybridized to the sequences for an incubation period of 19 hours and 23
minutes; (5) target sequences were selected by adhering to magnetic streptavidin beads; (6) target regions
were amplified via PCR; and (7) samples were pooled and sequenced on an Illumina HiSeq PE-3000 with
150 bp paired-end reads (Hutter et al., 2019). Sequencing was performed at the Oklahoma Medical Research
Foundation DNA Sequencing Facility.

Bioinformatics and data filtering

The full bioinformatics pipeline for filtering adapter contamination, assembling markers, and exporting
alignments are available at CRH’s GITHUB (pipeline V2: https://github.com/chutter/FrogCap-Sequence-
Capture). Raw reads were cleaned of adapter contamination, low complexity sequences, and other sequencing
artefacts using the program FASTP (default settings; Chen, Zhou, Chen, & Gu, 2018). Next, paired-end reads
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were merged using BBMERGE (Bushnell, Rood, & Singer, 2017). Cleaned reads were then assembled de
novo with SPADES v.3.12 (Bankevich et al., 2012) under a variety of k-mer schemes. Resulting contigs were
then matched against reference probe sequences with BLAST, keeping only those that uniquely matched
to the probe sequences. The final set of matching loci was then aligned on a marker-by-marker basis using
MAFFT.

Alignments were trimmed and saved separately into functional datasets for phylogenetic analyses and data
type comparisons. These datasets include (1) Exons: each alignment was adjusted to be in an open-reading
frame and trimmed to the largest reading frame that accommodated >90% of the sequences; alignments
with no clear reading frame were discarded; (2) Introns: each previously delimited exon was trimmed out of
the original contig and both remaining intronic regions were concatenated; (3) Exons-combined: exons from
the same gene were concatenated and treated as a single locus (justifiable under the assumption that as
they might be linked); and (4) UCEs. We applied internal trimming to the intron and UCE alignments using
the program trimAl (automatic1 function; Capella-Gutiérrez et al., 2009). All alignments were externally
trimmed to ensure that at least 50 percent of the samples had sequence data present at the alignment edges.

In addition to analysing the unfiltered datasets, we also filtered the data by removing loci with low phylo-
genetic information, which can introduce noise and increase systematic bias (Mclean, Bell, Allen, Helgen, &
Cook, 2019). We used parsimony-informative-sites (PIS) as a proxy for hierarchical structure and phylogene-
tic information; and removed the lower 50% of loci that contained the least PIS. All datasets were analysed
separately to assess phylogenetic congruence. Summary statistics, partitioning, and concatenation of data
were performed using the program AMAS (Borowiec, 2016) and custom R scripts.

SNP extraction

To obtain variant data across the target samples, we used GATK v4.1 (McKenna et al., 2010) and followed
the recommended best practices when discovering and calling variants (Van der Auwera et al., 2013), using
a custom R pipeline available on Carl R Hutter’s GitHub (https://github.com/chutter/FrogCap-Sequence-
Capture). To discover potential variant data (e.g. SNPs, InDels), we used a consensus sequence from each
alignment from the target group as a reference and mapped the cleaned reads back to the reference markers
from each sample. We used BWA (“bwa mem” function; Li, 2013) to map cleaned reads to the reference
markers, adding the read group information (e.g. Flowcell, Lane, Library) obtained from the fastq header
files. We next used SAMTOOLS (H. Li et al., 2009) to convert the mapped reads SAM file to a cleaned BAM
file, and merged the BAM file with the unmapped reads as required to be used in downstream analyses. We
used the program PICARD to mark exact duplicate reads that may have resulted from optical and PCR
artifacts and reformatted the dataset for variant calling. To locate variant and invariant sites, we used GATK4
to generate a preliminary variant dataset using the GATK program HaplotypeCaller to call haplotypes in
the GVCF format for each sample individually.

After processing each sample, we used the GATK GenomicsDBImportprogram to aggregate the samples from
the separate datasets into their own combined database. Using these databases, we used theGenotypeGVCF
function to genotype the combined sample datasets and output separate “.vcf” files for each marker that
contains variant data from all the samples for final filtration. Next, to filter the .vcf files to high quality vari-
ants, we used the R package vcfR (Knaus & Grünwald, 2017) and selected variants to be used in downstream
analyses that had a quality score > 20, and we also filtered out the top and bottom 10% of variants based
on their depth and mapping quality to avoid potentially problematic sites.

Phylogenetic estimation and discordance

We used Maximum Likelihood (ML) analysis of concatenated data and coalescent-based methods for phy-
logenetic estimation. For our ML analysis, we used the program IQ-TREE v1.6 (Chernomor, Von Haeseler,
& Minh, 2016; Nguyen, Schmidt, Von Haeseler, & Minh, 2015) and, because of the unprecedented number
of loci retrieved with FrogCap, we performed an unpartitioned analysis using the GTR+GAMMA substi-
tution model. Branch support was assessed using 5,000 ultrafast bootstrap replicates (UFB; Hoang et al.,
2017) and nodes with UFB >95 were considered strongly-supported. A summary-based species tree analysis
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was performed using ASTRAL-III (Zhang, Rabiee, Sayyari, & Mirarab, 2018) because this approach has
one of the lowest error rates when the number of informative sites are high and has also been shown to
produce more accurate results compared to other summary methods under a variety of conditions including
high levels of incomplete lineage sorting (ILS) and low gene-tree estimation error (Davidson, Vachaspati,
Mirarab, & Warnow, 2015; Mirarab et al., 2014; Molloy & Warnow, 2017; Ogilvie et al., 2016; Vachaspati
& Warnow, 2015, 2018). As input for our ASTRAL analysis, individual marker gene trees were estimated
using IQ-TREE, with the best-fit substitution model for each locus determined by the program ModelFin-
der (Kalyaanamoorthy, Minh, Wong, von Haeseler, & Jermiin, 2017). Because species boundaries have not
been adequately characterized, individual samples were not assigned to species. Finally, the same set of gene
trees was used to estimate species trees using the distance-based method ASTRID, which has been shown
to outperform ASTRAL when many genes are available and when ILS is very high (Vachaspati & Warnow,
2015).

Phylogenetic analyses were performed separately on the Intron, Exon, Exons-combined, and UCE datasets
and we used the program DiscoVista (Sayyari, Whitfield, & Mirarab, 2018) to assess phylogenetic discordance
by comparing the relative frequencies of all three topologies surrounding a particular focal branch, in instances
in which topological discordance was observed in summary species-tree procedures.

Species delimitation framework

We used a two-step approach to species delimitation, involving independent “discovery” and, subsequent
“validation” stages (Hillis, 2019). For our discovery stage, putative evolutionary lineages were inferred from
mitochondrial haplotypes derived from originally-inferred, strongly-supported multilocus inferences (Brown
& Siler, 2014) and reanalysis of 16S rRNA data in this study. We then used sequence-based (Automa-
tic Barcode Gap Discovery, ABGD; Puillandre, Lambert, Brouillet, & Achaz, 2012) and phylogeny-based
(Multi-rate Poisson tree processes, mPTP; Kapli et al., 2017) species delimitation methods to infer putati-
ve species boundaries. These single-locus methods have been shown to be effective at delimiting candidate
species with uneven sampling (Blair & Bryson, 2017). We used default settings for the ABGD analysis and
estimated a maximum likelihood phylogeny with IQ-TREE based on the 16S marker, to use as input for the
mPTP analysis. The minimum branch length was automatically detected using the minbr_auto function.
Two MCMC chains were executed using 10,000,000 iterations with samples saved every 50,000 iterations.
Finally, for comparison with previous studies, we examined mitochondrial divergences among reciprocally
monophyletic putative species pairs, by comparing distributions of uncorrected p-distances. Putative species
were then validated using genomic data, which are explained in detail below.

Population clustering.— We performed dataset dimension-reduction analysis on our SNP dataset to infer
and visualize population clusters which might correspond to inferred putative species. A principal compo-
nent analysis (PCA) was performed to obtain an orthogonal linear transformation of the data using the R
packageadegenet (Jombart & Ahmed, 2011). Additionally, a t-Distributed Stochastic Neighbour-Embedding
(t-SNE) method was used to reveal structure at multiple scales (van der Maaten & Hinton, 2008). The t-SNE
method is an improvement to traditional linear dimensional reduction methods such as PCA and multidi-
mensional scaling because it is non-linear and is better at capturing structure and presence of clusters in
high-dimensional data (W. Li, Cerise, Yang, & Han, 2017; van der Maaten & Hinton, 2008). The t-SNE
analysis was performed using the R package Rtsne (Krijthe, 2015) under the following settings: dims=3,
perplexity=5, theta=0.0, max_iter=1000000.

Population structure.— Next, we examined population structure by calculating ancestry coefficients using
a program based on sparse nonnegative matrix factorization (sNMF). This method is comparable to other
widely-used programs such as ADMIXTURE and STRUCTURE, but is computationally faster and robust
to departures from traditional population genetic model assumptions such as Hardy-Weinberg equilibrium
(Frichot et al., 2014). Ancestry coefficients were estimated for 1–10 ancestral 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. The sNMF analysis was implemented through the R package LEA (Frichot
& François, 2015).
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Non-spatial clustering methods including sNMF, STRUCTURE, and ADMIXTURE assume that allele fre-
quencies of individuals within a cluster are equal, regardless of their geographic location. This assumption
does not account for differentiation caused by continuous processes, such as isolation-by-distance (IBD)
and can, consequently, overestimate the number of discrete clusters, especially when geographic sampling
is sparse—as is the case, in many empirical studies (Prunier et al., 2013). Therefore, we also performed
a spatially-aware model-based clustering analysis (conStruct ), which also considers IBD as an explana-
tion for genetic variation (Bradburd et al., 2018). We used all ingroup samples and one outgroup taxon
(Pulchrana signata ) for this analysis. The same SNP dataset was used to represent allele frequencies, and
geographic coordinates for each sample were converted into a pairwise great-circle distance matrix using the
R packagefields (Nychka, Furrer, Paige, & Sain, 2017). OurconStruct analysis was performed with spatial
and non-spatial models, using 200,000 MCMC iterations; traceplots were examined to assess convergence.
A cross-validation approach was then used to compare different K values between spatial and non-spatial
models. Posterior distributions of parameters were estimated using a training partition consisting of 90%
randomly selected loci. The predictive accuracy of each value of K was then measured using log-likelihoods
of the remaining loci, averaged over the posterior. A total of 8 replicates were used to assess each value of K.

To confirm whether IBD contributed to genetic variation, we implemented a distance-based redundancy
analysis (dbRDA), which has been shown to be an improvement over traditional Mantel tests because it uses
a principal coordinates analysis to linearize the response variable, thereby removing violations of linearity
(Guillot & Rousset, 2013; Kierepka & Latch, 2015). Genetic distances were represented by pairwise population
Gst (Nei, 1973), which was calculated using the R package mmod (Winter, 2012). Geographic distances were
transformed into distance-based Moran’s eigenvector maps (dbMEM) and used as an independent variable
(Legendre, Fortin, & Borcard, 2015). The dbRDA analysis was then performed using the capscale function
in the R package vegan (Oksanen et al., 2017). Statistical significance was assessed using 999 permutations.

Gene flow.— Admixture among populations was confirmed using Bayesian hybrid-index analysis and the
python program HyDe. A hybrid-index analysis calculates the proportion of allele copies originating from
parental reference populations (Buerkle, 2005), whereas a HyDe analysis detects hybridization using phylo-
genetic invariants based on the coalescent model with hybridization (Blischak et al., 2018). Different com-
binations of plausible parental populations were tested, based on results from our population structure and
preliminary species delimitation analyses. We implemented the hybrid-index analysis on our SNP dataset
using the R package gghybrid (Bailey, 2018) after removing loci with a minor allele frequency >0.1 in both
parental reference sets. A total of 10,000 MCMC iterations were performed with the first 50% discarded as
burnin. The HyDe analysis was performed on sequence data from the intron dataset. First, admixture at the
population level was assessed using the run_hyde script that analyses all possible four-taxon configurations
consisting of an outgroup (Pulchrana signata ) and a triplet of ingroup populations comprising two parental
populations (P1 and P2) and a putative hybrid population (Hyb). Next, analysis at the individual level
was performed using the individual_hyde script to detect hybridization in individuals within populations
that had significant levels of genomic material from the parental species. Finally, we performed bootstrap
resampling (500 replicates) of individuals within hybrid populations to obtain a distribution of gamma values
to assess heterogeneity in levels of gene flow.

Genealogical divergence index.— Finally, we used the genealogical divergence index (gdi ) to determine
whether putative species boundaries corresponded to species-level divergences (Chan & Grismer, 2019; Leaché
et al., 2019). First, an A00 analysis in BPP was used to estimate the parameters τ and θ with the thetaprior
= 3 0.002 e and tauprior = 3 0.004 (Flouri, Jiao, Rannala, Yang, & Yoder, 2018). Species assignments
were based on putative species boundaries inferred from the discovery step. Because BPP performs best
on neutrally evolving loci, we conducted the analysis only on our intron dataset. For the analysis to be
computationally tractable, we further filtered these data to include only loci with full taxon representation
(1,515 loci). Two separate runs were performed (100,000 MCMC iterations each) and converged runs were
concatenated to generate posterior distributions for the multispecies coalescent parameters that were used
subsequently to calculate gdi following the equation: gdi= 1 – e-2τ/ θ (Jackson et al., 2017; Leaché et al.,
2019). Population A is distinguished from population B using the equation 2τAB/θA, whereas 2τAB/θB is
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used to differentiate population B from population A. Populations are considered distinct species when gdi
values are >0.7, and low gdivalues (<0.2) indicate two populations belong to the same species. Values of
0.2> gdi < 0.7 indicate ambiguous species status (Jackson et al., 2017; Pinho & Hey, 2010).

Results

Data collection, phylogeny estimation, and topological discordance

Summary statistics for retained loci are presented in Table 1. In general, almost 12,000 intronic and exonic
markers were obtained; UCEs numbered 625 and were on average the longest (713 bp), whereas exons were
shortest (212 bp). After exons from the same gene were identified and combined, a total of 2,186 markers
remained (average length 617 bp). Introns exhibited the most informative sites, with more than 2.6 million
variable sites and over 950,000 PIS (Table 1).

Two different topologies (T1 and T2) were obtained across all phylogenetic analyses and datasets (Fig. 1).
In general, regional populations (Peninsular Malaysia, Sumatra, Borneo) formed highly supported clades
except for two Bornean samples (ND 7479 and ND 7056 from Sarawak), which we designated as putative
hybrids (H1 and H2; Fig. 1) based on their anomalous placement within the Peninsular Malaysia + Sumatra
clade. For most datasets (Exons-combined, Introns, UCEs), these two samples were recovered as the first-
branching lineages within the Peninsular Malaysia + Sumatra clade, with high support across all analyses
(topology T1; Fig. 1). However, for the Exon dataset, one of those samples (ND 7479) was recovered as
the first-branching lineage of the Bornean clade, with high support across all analyses (topology T2; Fig.
1). Complete details of all phylogenetic trees from analyses of each datasets are provided in Supplementary
material.

The relative frequency of alternate topologies surrounding a discordant branch revealed that the number of
gene trees supporting the main topology was only slightly more (<3%) than those supporting an alternate
topology, indicating a high level of discordance and a lack of overwhelming support for a particular topology
(Fig. 2). These outcomes were most evident in datasets that had relatively fewer markers (Exons-combined,
2,186; UCEs, 625) and in which the primary topology was supported by not more than 20 additional gene
trees.

Putative species boundaries

The topology of the mitochondrial phylogeny estimated for the mPTP analysis was the same as the topology
from analyses of our Exons dataset (topology T2; Figs. 1, 3A). Excluding the outgroup (Pulchranasignata
), the mPTP analysis inferred a total of five species (Fig. 3A). The first species (Sp1) comprised samples
from Peninsular Malaysia, Sumatra, and one of the putative hybrids (Hybrid 1; ND 7056 from Sarawak).
Putative species Sp2 included samples from Sabah, Borneo (FMNH 230864 from Lahad Datu ND 8281 from
Tawau; Fig. 1), which were the sister lineage to True P. picturata (exemplified by topotype ID 7750 from
Mount Kinabalu, Sabah). Other Bornean populations were split into two distinct clades but these were not
strongly-supported as distinct species (average support value 0.62) and were therefore considered a single
putative species (Sp3). Our mPTP analysis also delimited the putative Hybrid 2 as a distinct species with
strong support. These five putative species (True P. picturata , Hybrid 2, Sp1, Sp2, Sp3) were also delimited
by the ABGD analysis, again with strong support. A comparison of mitochondrial p-distances showed that
the level of divergences within Sp1 (including Hybrid 1) and Sp3 were relatively low at [?] 3% (Fig. 3B); in
comparison, divergences among putative species were high (>5%).

Validation using genomic data

Population structure.— A total of 11,490 SNPs were obtained and used for clustering (PCA, t-SNE), pop-
ulation structure (sNMF, conStruct), and gene flow (Bayesian hybrid index, HyDe) analyses. In our PCA
analysis, the outgroup (Pulchrana signata ) and populations from Peninsular Malaysia and Sumatra formed
two distinct clusters that were distantly separated—markedly more so than Bornean populations, which
showed less separation (Fig. 4A). The t-SNE analysis showed similar results but with more diffusion within
clusters (Fig. 4B).
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The cross-entropy criterion of the sNMF analysis inferred K=3 and K=4 as the best-predicted numbers
of ancestral populations, with K=3 being only marginally better (Fig. 4C). At K=3, populations from
Peninsular Malaysia and Sumatra (Sp1) were clustered as a single population with no admixture (Fig. 5A).
Similarly, populations from far east Borneo (TrueP. picturata + Sp2) also formed a single, non-admixed
cluster. Other Bornean populations (Sp3, Hybrid 1, Hybrid 2) exhibited a cline of admixture with the two
putative hybrid samples being the most admixed. At K=4, the putative hybrid samples were characterized
as highly admixed and Sp3 formed a distinct non-admixed group (Fig. 5A).

The conStruct analysis also inferred K=3 and K=4 as ideal numbers of ancestral populations, with K=4
slightly better. Model comparison demonstrated that the spatial model fitted the data slightly better than
the non-spatial model at K=3, but the two had similar scores at K=4 (Fig. 4D). This was corroborated
by the dbRDA analysis (p -value = 0.2736; R2 = 0.2236), indicating that IBD was not a significant factor
affecting genetic variation. In general, these assignments of individuals to population clusters were similar to
results from the sNMF analysis, but with higher levels of admixture (Fig. 5B). Notably, Sp1 was inferred to
contain low levels of admixture from Bornean genotypes and Bornean populations were inferred to be more
admixed.

Our True Pulchrana picturata clade and Sp2 showed relatively high levels of admixture, whereas Sp3 had
dissimilar levels of admixture. One Sp3 sample from far west Borneo was considerably admixed, while the
other two samples from east Borneo were not (Fig. 5B).

Gene flow and species delimitation.— Based on results from our population clustering and structure analyses,
we inferred Sp1 and either Sp3 or True P. picturata+ Sp2 to be potential parental populations, due to their
dominant representation in ancestry coefficients. When Sp1 and True P. picturata +Sp2 were designated
as parental references, the genome of Sp3 and the putative hybrid samples showed a mixture of alleles from
both parent taxa (Fig. 6A). A similar result was achieved when Sp1 and Sp3 were designated as parental
populations and, in both scenarios, the hybrid index of the putative hybrids was considerably higher (Fig.
6B).

The HyDe analysis at the population level produced a similar, but more nuanced, characterization of hy-
bridization. Using different ingroup configurations, significant hybridization was detected in all Bornean pop-
ulations (Table 2). The Sp2 population exhibited the lowest level of hybridization (Gamma=0.9), whereas
Hybrid and Sp3 populations displayed moderate to high levels of hybridization (Gamma=0.2–0.8). Fur-
thermore, this analysis showed that hybridization was not limited to Sp1 and TrueP. picturata as parental
populations, but also between Hybrid/True P. picturata , Sp1/Sp2, Sp1/Sp3, Hybrid/Sp2, and TrueP. pic-
turata /Sp3. Analysis at the individual level showed the Hybrid population to be a mixture of True P.
picturata , Sp1, Sp2, and to a lesser extent Sp3, whereas individuals from Sp3 were a mixture of True P.
picturata , Hybrid, Sp2, and Sp1. Individuals from Sp2 were the least admixed (Gamma=0.9; Table 2).

Our gdi analysis was performed on a reduced subset of 1,515 loci, but with full taxon representation. Addi-
tionally, to avoid bias, two putative hybrid samples were removed from this dataset due to their phylogenetic
uncertainty and high levels of gene flow. Our results indicate that populations from Peninsular Malaysia
and Sumatra (Sp1) are a distinct species, supported by high confidence (Fig. 7C; meangdi =0.91). However,
the specific status of all other populations (those from Borneo) remain uncertain (mean gdi P. picturata =
0.59; Sp2 = 0.57; Sp3 = 0.55), and so we conservatively consider them conspecific at the present time.

Because our results revealed high levels of gene flow among multiple populations, we also inferred a phy-
logenetic network that accounts for ILS and hybridization using the program PhyloNet v.3.8 (Wen, Yu,
Zhu, & Nakhleh, 2018). To facilitate computation, we used all 625 single-locus gene trees from the UCE
dataset (outgroups removed) to infer a species network using the Minimizing Deep Coalescence (MDC) cri-
terion, with the maximum number of reticulations set to five. A total of five runs were performed and all
other parameters were set to default values. The best inferred network was congruent with results from the
conStructand HyDe analyses and provided deeper insights at the individual level. Gene flow was detected
among most Bornean populations and specifically, between H1 and a sample from Sumatra (FMNH 266944).
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Gene flow involving the H1 and H2 samples were also older compared to gene flow among other Bornean
populations (Fig. 7). More nuanced admixture was not detected by the sNMF analysis, suggesting that
sNMF may not be as efficient at detecting fine-scale admixture when sampling is discontinuous.

Discussion

Confounding effects of gene flow

Our results showed that gene flow/introgression can produce confounding phylogenetic and divergence pat-
terns that can be positively misleading when analyzed using conventional species delimitation procedures.
Two of the most highly introgressed hybrids (Hybrid 1 and Hybrid 2) were from Borneo but were inferred in
most analyses as independent lineages that were more closely related to the Peninsular Malaysia + Sumatra
clade to the exclusion of the Bornean clade. Consequently, the hybrid samples were highly divergent from
adjacent Bornean populations (7–10% mitochondrial divergence), but remarkably similar (<3%) to allopatric
populations from Peninsular Malaysia and Sumatra (Hybrid 1). High mitochondrial divergence could be due
to mitochondrial gene flow, a phenomenon where introgressed mitochondrial DNA from another species re-
flects past introgressive events as opposed to lineage isolation (Ballard & Whitlock, 2004; Linnen & Farrell,
2007; Ruane, Bryson, Pyron, & Burbrink, 2014). Using a more robust population genomics approach, we
showed that the genomic makeup of the hybrid samples contained relatively equal proportions of alleles from
both Borneo and Peninsular Malaysia/Sumatra (Sp 1) lineages. These results also provide an alternative
explanation for the conundrum of highly divergent (sometimes non-sister) sympatric/parapatric lineages–a
pattern that has been celebrated as an archetypal sign of genuine cryptic speciation (Brown, 2015; Cobos
et al., 2016; Cooke, Chao, & Beheregaray, 2012; Grismer et al., 2015; Ladner & Palumbi, 2012; McLeod,
2010). Such anomalous patterns are not uncommon in amphibians and are present in virtually every South-
east Asian frog family that has been touted to harbor pronounced cryptic diversity: Bufonidae (Chan &
Grismer, 2019), Dicroglossidae (Matsui et al., 2016; McLeod, 2010), Ichthyophiidae (Nishikawa et al., 2012),
Megophryidae (J. M. Chen et al., 2018, 2017; Rowley et al., 2015), Ranidae (Lu, Bi, & Fu, 2014; Stuart,
Inger, & Voris, 2006), and Rhacophoridae (Chan, Grismer, & Brown, 2018; Poyarkov et al., 2015). Our
results demonstrate that high levels of genetic divergence between sympatric lineages could be an artefact
of introgression as opposed to divergence via natural selection.

Although distinct, highly divergent sympatric or parapatric cryptic species do undoubtedly exist (Pulido-
Santacruz, Aleixo, & Weir, 2018), they usually consist of relatively old lineages that (1) are highly fragmented
and whose phylogeographic structure was facilitated by cyclical climatic fluctuations (repeated contraction
and expansion of refugia; Grismer et al., 2015); (2) diverged in isolation, followed by subsequent secondary
contact (Chan & Brown, 2019); or (3) exhibit varying levels of niche partitioning, for example through
contrasting phenologies (Amato et al., 2007; Scriven, Whitehorn, Goulson, & Tinsley, 2016) or small-scale
habitat segregation (Muangmai, Von Ammon, & Zuccarello, 2016). However, the purported existence of
high numbers of undescribed sympatric/parapatric cryptic species in numerous Southeast Asian amphibian
complexes are mostly represented by relatively young (<5 million years old; e.g. Chen et al., 2018, 2017),
widespread, and continuously occurring lineages that are ecologically similar (see references above). Taking
these characteristics into account (and disregarding the possibility of sympatric speciation, which remains
a controversial and hotly debated topic; Foote, 2018), we hypothesize that most recently diverged and
purportedly cryptic species correspond to incipient species in the grey zone of speciation (see below), and
that the majority of young and highly divergent sympatric lineages (e.g. Brown, 2015; Garrick, Dickinson,
Reppel, & Yi, 2019; Giska, Sechi, & Babik, 2015; McLeod, 2010) can be explained by introgression. Therefore,
a re-analysis of such cases using more robust methods that assesses spatial population structure and gene
flow is warranted.

Cryptic species as a window on diversity—or slippery slope towards taxonomic inflation?

According to the most widely-adopted definition, cryptic species are (1) genetically but not morphologically
distinguishable; and (2) are, or have been, classified as a single nominal species (Bickford et al., 2007). Other
researchers have specified that cryptic species should also be recently diverged, occur in sympatry, or exhibit
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reproductive isolation (Chenuil, Cahill, Délémontey, du Luc, & Fanton, 2019; Struck et al., 2018). Viewing
speciation as a continuous, gradual, and protracted process (Rosindell, Cornell, Hubbell, & Etienne, 2010;
Sukumaran & Knowles, 2017), recently diverged lineages that are morphologically similar but genetically
divergent may also be associated with the “grey zone” of the speciation continuum—a region of diversification
in which there is conflict among operational species criteria (de Queiroz, 2005; Roux et al., 2016). Early
diverging lineages in the grey zone can be referred to as incipient species, and we suspect that many, if not
most, previously-identified cryptic species may fall within this category. These are lineages that have begun to
diverge but still exchange genes or maintain signatures of recent gene flow (Marques et al., 2016; Schield et al.,
2015; Supple et al., 2015). At this stage of speciation, species boundaries are ephemeral and incipient species
can continue to diverge and eventually form distinct species (complete reproductive isolation), or merge
back into a single species (Feder, Egan, & Nosil, 2012; Harrison & Larson, 2014; Mallet, 2008). Therefore,
it is critical for cryptic species delimitation to be scrutinized for evidence that lineages are on diverging
trajectories of ancestor–descendant series of populations, among which independent lineage status or cohesion
has been achieved via postzygotic incompatibilities (Pulido-Santacruz et al., 2018) or prezygotic isolation
mechanisms such as ecographic segregation (Dufresnes et al., 2020; Slager et al., 2020; Sobel & Streisfeld,
2015), environmental adaptation (Rundle & Nosil, 2005), and behavioural/mate recognition differentiation
(Boake, Andreadis, & Witzel, 2000; Drillon et al., 2019; Köhler et al., 2017). These criteria are more robust,
compatible with evolutionary theory and species concepts, and reflective of lineage separation; and thus,
should be included as part of a more informed, modern, multidisciplinary statistical species delimitation
framework to avoid unnecessary taxonomic inflation.

Our study also suggests that hybridization (ancient, intermittent or ongoing) may play a significant role in
the evolutionary history and biodiversity of “cryptic” species (Taylor & Larson, 2019), particularly in the
Sunda region where large landmasses and island archipelagos have been periodically connected and separated
due to climatic changes or geological events (Hall, 2013; Yumul, Dimalanta, Marquez, & Queaño, 2009;
Yumul et al., 2004). Advancements in high-throughput sequencing has enabled us to move beyond classical
criteria for species delimitation such as phylogenetic arrangements and divergence thresholds, and build
towards a more process-based understanding of how cryptic species boundaries are formed and maintained
(Smith & Carstens, 2019; Struck et al., 2018). This includes critical questions such as: (1) how prevalent is
hybridization in phylogeographically structured species complexes? (2) how does hybridization affect species
boundaries and biodiversity estimates? and (3) is hybridization context dependent? (hybrid zones facilitated
by landscape features or temporally induced by intermittent habitat corridors during past climatic/geologic
events). Although quantifying biodiversity is crucial to many fields in biology and conservation, it is becoming
increasingly evident that tree- and distance-based criteria are poor proxies for species divergence when gene
flow is present, and that general/global thresholds (Fouquet et al., 2007; Vieites et al., 2009) should not be
used to justify the discovery of new species.

Systematics and biogeography

All analyses in both discovery and validation steps showed a clear distinction between populations from
Borneo (True P. picturata , Sp2, Sp3, H1, and H2) and Peninsular Malaysia + Sumatra (Sp1). This was
further corroborated by the gdi analysis that inferred Sp1 as a distinct species from the true P. picturata
from Borneo. It is also noteworthy that although the H1 and H2 samples were inferred as sister lineages
to Sp1 and were paraphyletic with regard to other Bornean populations, this phylogenetic configuration
was not in agreement with patterns of spatial and genetic structure inferred from genomic validation analy-
ses. The phylogenetic network analysis provided additional insight by showing that the two hybrid samples
introgressed specifically with a population from Sumatra (FMNH 266944). This explains the anomalous
phylogenetic placement of H1 and H2 and indicates that their inferred affinity to the Sp1 clade is due to
genetic admixture as opposed to shared ancestry. According to our results, both H1 and H2 samples should
be considered part of the Bornean clade. However, doing so would render the Bornean lineage paraphyletic,
which highlights the importance of excluding hybrid samples from species delimitation (and probably spe-
cies tree) analyses and, additionally, exposes the limitation of phylogeny-based classification that can yield
paraphyletic groups in the presence of gene flow (Kumar et al., 2017; Ma et al., 2017). However, it is also
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possible that additional sampling, especially from central and southern Sumatra could change the species
tree topology. In any case, our results unequivocally demonstrate the presence of marked gene flow among
populations from Borneo and Sumatra, and the absence of gene flow with populations from Peninsular Ma-
laysia. Additionally, the phylogenetic network analysis also showed that gene flow involving the H1 and H2
samples were older, as opposed to more recent/ongoing gene flow among the other Bornean populations.
This spatio-temporal pattern of gene flow alludes to an ancestral admixture event(s) facilitated by a more
southerly habitat corridor, probably along the Karimata Strait via the Bangka-Belitung arc as opposed to
a more northerly route through the Riau Archipelago (Fig. 7)—a pattern that has also been documented in
numerous other vertebrate groups (Inger & Voris, 2001; Mason, Helgen, & Murphy, 2019; Nijman & Nekaris,
2010). Although we were unable to estimate the timing of diversification in this study, a previous study
estimated the diversification of major clades in the Pulchrana signata/picturata complex during the Miocene
and Pliocene (Chan & Brown, 2017), during which there was land connection between Borneo and Sumatra,
and before the fragmentation of these land masses at the onset of the Pleistocene (Hall, 2013). Therefore,
it is likely that ancient introgression between Sumatra and Borneo lineages occurred during the Miocene
and Pliocene and that the cessation of gene flow (and subsequent allopatric diversification) was caused by
the inundation of land bridge corridors during the Pleistocene. Subsequently. cyclical Pleistocene glaciations
exposed intermittent land bridges, which could have re-established gene flow. This is congruent with the
spatio-temporal patterns of introgression inferred by our phylogenetic network analysis, which showed the
occurrence of ancient as well as more recent introgression.

In summary, all lines of evidence indicate that at least three distinct evolutionary lineages are present within
the Pulchranapicturata complex. One lineage comprises populations from Peninsular Malaysia and Sumatra,
and two others occur in Borneo. These lineages exchanged genes in the past and Bornean lineages also
exchanged genes with each other, generating a hybrid swarm that created a potentially confusing mirage
of what might have been interpreted as “cryptic” species given the inferred phylogenetic structure and
high genetic divergence among admixed populations. However, despite high levels of genetic structure and
divergence, our results clearly demonstrated that Bornean populations/lineages cannot be unambiguously
distinguished from one another morphologically or genetically. Furthermore, they occur continuously across
the landscape with no evidence of pre- or postzygotic isolation and thus, should be considered a single species
under the name Pulchrana picturata . Conversely, Sp1 is sufficiently divergent from Bornean lineages and
is physically prevented from exchanging genes with them. Therefore, considering allopatry as a proxy for
reproductive isolation or lineage separation, in conjunction with sufficient genetic distinction and reduced
gene flow, Sp1 from Sumatra and Peninsular Malaysia can be considered a distinct species.
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Soĺıs-Lemus, C., Yang, M., & Ané, C. (2016). Inconsistency of species tree methods under gene dlow. Syste-
matic Biology , 65 (5), 843–851. doi: 10.1093/sysbio/syw030

Stanton, D. W. G., Frandsen, P., Waples, R. K., Heller, R., Russo, I. R. M., Orozco-terWengel, P. A., . . .
Bruford, M. W. (2019). More grist for the mill? Species delimitation in the genomic era and its implications
for conservation. Conservation Genetics ,20 (1), 101–113. doi: 10.1007/s10592-019-01149-5

Struck, T. H., Feder, J. L., Bendiksby, M., Birkeland, S., Cerca, J., Gusarov, V. I., . . . Dimitrov, D. (2018).
Finding Evolutionary Processes Hidden in Cryptic Species. Trends in Ecology and Evolution , 33 (3), 153–
163. doi: 10.1016/j.tree.2017.11.007

Stuart, B. L., Inger, R. F., & Voris, H. K. (2006). High level of cryptic species diversity revealed by sympatric
lineages of Southeast Asian forest frogs. Biology Letters , 2 (3), 470–474. doi: 10.1098/rsbl.2006.0505

Sukumaran, J., & Knowles, L. L. (2017). Multispecies coalescent delimits structure, not species. Proceedings
of the National Academy of Sciences , 114 (7), 1607–1612. doi: 10.1073/PNAS.1607921114

Supple, M. A., Papa, R., Hines, H. M., McMillan, W. O., & Counterman, B. A. (2015). Divergence with
gene flow across a speciation continuum ofHeliconius butterflies. BMC Evolutionary Biology ,15 (1), 1–12.
doi: 10.1186/s12862-015-0486-y

Surveswaran, S., Gowda, V., & Sun, M. (2018). Using an integrated approach to identify cryptic species,
divergence patterns and hybrid species in Asian ladies’ tresses orchids (Spiranthes, Orchidaceae).Molecular
Phylogenetics and Evolution , 124 (February), 106–121. doi: 10.1016/j.ympev.2018.02.025
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Figures and Tables

Fig. 1. Two species tree summary topologies (T1, T2), inferred by ASTRAL-III, based on the unfiltered
Exons-combined (2,186 markers), Introns (11,935), UCEs (625; left), and Exons datasets (11,978). All nodes
were supported by 1.0 local posterior probabilities and placements of discordant samples (putative hybrids:
H1, H2) are indicated by red arrows. IQ-TREE and ASTRID analyses produced the same topologies for
the corresponding datasets. *=topotype specimen for Pulchranapicturata . See supplementary material for
trees with full taxon representation (including outgroups). Inset photos by A. Haas (top and bottom) and
KOC (middle).
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Fig. 2. Relative frequencies of alternate gene tree topologies for each dataset. Numbers on top of bars
represent the actual number of gene trees supporting that particular topology. The T1 and T2 topologies
are presented in Fig. 1, while the T3 gene tree topology was not recovered in any of our phylogenetic species
tree analyses.

Fig. 3. A. Putative species delimitation using mPTP analysis, based on 16S rRNA data. Support values at
nodes indicate the fraction of sampled delimitations in which a node was part of the speciation process. The
analysis strongly supported the discovery-step delimitation of putative candidate lineages labelled here as
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Sp1, Sp2, Sp3, TrueP. picturata , and Hybrid 2 (“Hyb 2”) as distinct species. The ABGD analysis produced
the same preliminary candidate species discovery results. B. Distribution of uncorrected p -distances among
pairs of taxa/populations/samples, based on the 16S rRNA gene. Distributions labelled “Sp3,” “Sumatra,”
and “Peninsular Malaysia (PM)” presumably represent intraspecific genetic variation. Inset photo by KOC.

Fig. 4. A. Results of Principal Components Analysis andB. t-distributed Stochastic Neighbour Embedding
(t-SNE) Analysis, demonstrating population clustering after dimension-reduction of SNP data. C. Cross-
entropy results of K 1–10 (lower cross-entropy scores correspond to the highest predictive accuracy) from the
sparse non-negative matrix factorization (sNMF) analysis.D. cross-validation results from conStruct analysis,
using non-spatial and spatial models (Ks of highest log-likelihood scores correspond to highest predictive
accuracy).
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Fig. 5. A. Barplots of admixture coefficients from the sparse non-negative matrix factorization (sNMF)
analysis at K=3 and K=4, juxtaposed with a cladogram depicting our T1 topology (refer to Fig. 1).
Population labels correspond to putative species inferred from species discovery stage analysis of 16S rRNA.
Maps (right panels) depict locations of each sample and pie charts of admixture ratios for K=4.B. Results
of spatial and non-spatial conStruct analysis and corresponding distribution map showing admixture ratios
for K=4. H1 and H2 represent the putative hybrid samples. The location of the study region is outlined in
the red box on the global inset map.

Fig. 6. Bayesian hybrid-index plots, with Sp1, True P. picturata + Sp2 (A ) and Sp1, Sp3 (B ) as parental
references. Dotted lines demarcate 95% confidence intervals.C. Density plots of gdi values. We interpret
species validation to be accomplished in cases of gdi > 0.7, whereas 0.2 < gdi < 0.7 indicate uncertain
species status.
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Fig. 7. Left. Results of the PhyloNet phylogenetic network analysis depicted using IcyTree (Vaughan,
2017). Right. Results from the conStruct analysis at K=4. Blue lines connecting populations on the map
correspond to blue lines depicting reticulations on the phylogenetic network. Orange shading represents the
putative habitat corridor that facilitated gene flow between Sumatra and Borneo.

Table 1. Summary statistics of datasets used for phylogenomics and species delimitation analyses.
EC=exons combined; PIS50=top 50% loci with highest parsimony-informative-sites. Branch lengths are
in coalescent units.

Dataset No. loci Mean length Total sites Total var. sites Total PIS

Intron-unfiltered 11,935 452 5,395,834 2,676,967 950,103
Exon-unfiltered 11,978 212 2,543,793 578,939 243,378
EC-unfiltered 2,186 617 1,349,664 286,927 121,681
UCE-unfiltered 625 713 445,346 103,021 37,368
Intron-PIS50 5,968 513 3,063,129 1,652,988 652,822
Exon-PIS50 5,989 378 1,673,499 428,542 190,302
EC-PIS50 1,093 870 950,907 212,555 92,220

Table 2. Results of HyDe analysis at population and individual levels. P-values <0.05 indicate significant
levels of hybridization. Population names follow putative species assignments. Pic=true P. picturata , Hyb=
(H1 and H2).

P1 Hybrid P2 Zscore Pvalue Gamma

Population level Population level
Pic Hyb Sp1 6.9922 0.0000 0.2023
Hyb Sp3 Pic 7.8896 0.0000 0.3450
Sp1 Hyb Sp2 8.3316 0.0000 0.7772
Sp1 Hyb Sp3 6.6488 0.0000 0.7480
Hyb Sp3 Sp2 7.1718 0.0000 0.2626
Pic Sp3 Sp1 9.1459 0.0000 0.7102
Pic Sp2 Sp3 4.0127 0.0000 0.9072
Sp1 Sp3 Sp2 8.8885 0.0000 0.2360
Individual level Individual level
Pic ND 7056 Sarawak Nanga Ulai Sp1 6.8507 0.0000 0.1177
Pic ND 7479 Sp1 6.4388 0.0000 0.4719
Hyb FMNH 238866 Sabah Crocker Pic 8.4826 0.0000 0.3501
Hyb LSUHC 4039 Pic 6.6791 0.0000 0.3159
Hyb FMNH 238883 Pic 8.4596 0.0000 0.3658
Sp1 ND 7056 Sarawak Nanga Ulai Sp2 7.6828 0.0000 0.8783
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P1 Hybrid P2 Zscore Pvalue Gamma

Sp1 ND 7479 Sp2 6.8121 0.0000 0.4450
Sp1 ND 7056 Sarawak Nanga Ulai Sp3 9.0282 0.0000 0.8301
Sp1 ND 7479 Sp3 -9999.0000 1.0000 -0.3707
Hyb FMNH 238866 Sabah Crocker Sp2 8.4319 0.0000 0.2869
Hyb LSUHC 4039 Sp2 4.9586 0.0000 0.2127
Hyb FMNH 238883 Sp2 8.0984 0.0000 0.2790
Pic FMNH 238866 Sabah Crocker Sp1 8.7067 0.0000 0.7282
Pic LSUHC 4039 Sp1 10.0259 0.0000 0.6779
Pic FMNH 238883 Sp1 8.6311 0.0000 0.7252
Pic FMNH 230864 Sp3 3.2790 0.0005 0.9175
Pic ND 8281 Sabah Sg Tawau Sp3 4.7139 0.0000 0.8988
Sp1 FMNH 238866 Sabah Crocker Sp2 9.1245 0.0000 0.2333
Sp1 LSUHC 4039 Sp2 9.4740 0.0000 0.2589
Sp1 FMNH 238883 Sp2 8.0379 0.0000 0.2157

Supplementary Material

Table S1. List of samples used and sequenced in this study (see also Brown & Siler, 2014, for additional
details).
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Hosted file

Table 1.xlsx available at https://authorea.com/users/302616/articles/432726-gene-flow-

creates-a-mirage-of-cryptic-species-in-a-southeast-asian-spotted-stream-frog-complex

Hosted file

Table 2.xlsx available at https://authorea.com/users/302616/articles/432726-gene-flow-

creates-a-mirage-of-cryptic-species-in-a-southeast-asian-spotted-stream-frog-complex

Hosted file

Table S1.xlsx available at https://authorea.com/users/302616/articles/432726-gene-flow-

creates-a-mirage-of-cryptic-species-in-a-southeast-asian-spotted-stream-frog-complex
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