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Abstract—In cryptic amphibian complexes, there is a growing trend to equate high levels of genetic structure with hidden
cryptic species diversity. Typically, phylogenetic structure and distance-based approaches are used to demonstrate the
distinctness of clades and justify the recognition of new cryptic species. However, this approach does not account for
gene flow, spatial, and environmental processes that can obfuscate phylogenetic inference and bias species delimitation.
As a case study, we sequenced genome-wide exons and introns to evince the processes that underlie the diversification of
Philippine Puddle Frogs—a group that is widespread, phenotypically conserved, and exhibits high levels of geographically
based genetic structure. We showed that widely adopted tree- and distance-based approaches inferred up to 20 species,
compared to genomic analyses that inferred an optimal number of five distinct genetic groups. Using a suite of clustering,
admixture, and phylogenetic network analyses, we demonstrate extensive admixture among the five groups and elucidate
two specific ways in which gene flow can cause overestimations of species diversity: 1) admixed populations can be inferred
as distinct lineages characterized by long branches in phylograms; and 2) admixed lineages can appear to be genetically
divergent, even from their parental populations when simple measures of genetic distance are used. We demonstrate that
the relationship between mitochondrial and genome-wide nuclear p-distances is decoupled in admixed clades, leading to
erroneous estimates of genetic distances and, consequently, species diversity. Additionally, genetic distance was also biased
by spatial and environmental processes. Overall, we showed that high levels of genetic diversity in Philippine Puddle
Frogs predominantly comprise metapopulation lineages that arose through complex patterns of admixture, isolation-by-
distance, and isolation-by-environment as opposed to species divergence. Our findings suggest that speciation may not
be the major process underlying the high levels of hidden diversity observed in many taxonomic groups and that widely
adopted tree- and distance-based methods overestimate species diversity in the presence of gene flow. [Cryptic species; gene

flow; introgression; isolation-by-distance; isolation-by-environment; phylogenetic network; species delimitation.]

As taxonomic knowledge increases over time, new
species discoveries have disproportionately and
nonrandomly shifted from deep lineages to shallower
nodes towards the tips of evolutionary trees (Blackburn
etal. 2019). New species discoveries at shallow nodes are
further facilitated by advances in genomic sequencing
that have enabled the characterization of genetic
structure at much finer scales, leading to the discovery
of purportedly high levels of cryptic, or hidden species
diversity throughout the tree of life (Bickford et al.
2007; Pfenninger and Schwenk 2007; Trontelj and
Fiser 2009; Struck et al. 2018). The widespread use of
genetic data has also accelerated the process of species
discovery by providing a framework for phylogeny-
and sequence-based species delimitation approaches
(Vences et al. 2005a; Fouquet et al. 2007; Vieites et
al. 2009; Yang and Rannala 2010; Puillandre et al.
2012; Fujisawa and Barraclough 2013; Jones et al. 2015;
Kapli et al. 2017). These approaches are effective at
delimiting allopatric and deeply divergent species, but,
as attention shifts towards shallower lineages involving
continuously distributed and/or recently diverged
populations, species boundaries can be increasingly
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obfuscated by spatial (Barley et al. 2015; Bradburd and
Ralph 2019) and microevolutionary processes that act
at the population level (Chan et al. 2017, 2020b; Jackson
et al. 2017; Leaché et al. 2019). Unfortunately, these
potentially confounding processes are rarely taken
into consideration during cryptic species delimitation;
hence, the extent of their impact on species estimation
remains poorly understood.

The increased use of molecular phylogenies to
delineate morphologically cryptic groups has led
to a growing trend that equates high levels of genetic
structure with unrecognized or hidden species diversity.
Typically, large-scale phylogenies are estimated using
mitochondrial and/or a handful of nuclear genes,
and cryptic species diversity is inferred based on
phylogenetic structure, arbitrary genetic distance
thresholds, or divergence-based species delimitation
analyses. This practice is prevalent across various
taxonomic groups including fishes (Kon et al. 2007;
Thomas et al. 2014; Divya et al. 2017; Shelley et al. 2018),
mammals (Manthey et al. 2011; Demos et al. 2018; Chen
et al. 2020; Pozzi et al. 2020), arthropods (Crivellaro
et al. 2018; Schaffer et al. 2019; Zhang et al. 2019;
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Jusoh et al. 2020; Mignotte et al. 2020; Sdnchez-Restrepo
et al. 2020; Rubinoff et al. 2021), annelids (Cerca et
al. 2020; Grosse et al. 2020; Martinsson and Erséus
2021), cnidarians (Schuchert 2014; Postaire et al. 2016),
algae/plants (de Jesus et al. 2019; Diaz-Tapia et al.
2020), amphibians (Vieites et al. 2009; McLeod 2010;
Nishikawa et al. 2012; Rowley et al. 2015; Matsui et
al. 2016; Chen et al. 2017, Amador et al. 2018; Chan
et al. 2018; Trevisan et al. 2020), and reptiles (Grismer
et al. 2013; Siler et al. 2014; Blair and Bryson 2017;
Mendes et al. 2018; Davis et al. 2020). Implicit within
these findings is the assumption that speciation is the
dominant process of diversification; yet, making this
assumption ignores other factors that can also increase
genetic structure. For example, extrinsic factors such
as improved analytical methods and the expanded
breadth of geographic and genetic sampling can also
lead to increased genetic structure. Analyzing more
genes, partitions, and geographic populations with
more sophisticated methods can lead to the splitting of
genetic divergences at finer scales (Huang 2020).

More robust examinations involving genome-scale
data are beginning to reveal that species delimitation
criteria predicated on phylogenetic structure, distance
measures, or even multispecies coalescent models can
inflate species diversity by delimiting metapopulation
lineages as species (Chan et al. 2017, 2020b; Sukumaran
and Knowles 2017; Leaché et al. 2019; Huang 2020). This
is largely due to the violation of model assumptions
that assumes no gene flow between diverging species,
instantaneous speciation, and that the reference
phylogeny accurately represents the true species tree
(Kapli et al. 2017; Liu et al. 2009). Furthermore, the
likelihood of violating these assumptions is expected
to be higher among continuously occurring or recently
diverged taxa, or in cases where gene flow is plausible
(Carstens et al. 2017), and to complicate matters, it has
recently been shown that a small amount of gene flow
is enough to cause substantial changes in gene histories
and mislead species tree estimations (Jiao et al. 2020).
To overcome these issues, approaches that explicitly test
for population-level processes, particularly gene flow,
have been shown to produce more accurate estimates of
species boundaries (Chan et al. 2017, 2020b; Jackson et
al. 2017; Morales and Carstens 2018; Smith and Carstens
2019). These findings indicate that gene flow could be
prevalent in many cryptic taxa and that the purportedly
high levels of hidden diversity within these groups could
be artificially inflated.

The systematics of Southeast Asian Puddle Frogs
(family Dicroglossidae; genus Occidozyga) have not been
thoroughly reviewed, in part due to the ubiquitous and
overlapping distribution ranges of many named species
that have been recognized in the absence of discrete
diagnostic morphological characters. Ambiguous
species diagnoses have resulted in widespread
misidentifications and taxonomic uncertainty that
has persisted for decades (Inger 1954, 1966; Iskandar
1998; Ohler 2003). More recently, the application of

genetic data has alluded to the possibility of numerous
undescribed cryptic species in Southeast Asian Puddle
Frogs. Preliminary studies, predominantly using
mitochondrial data, identified three putative new
species and high levels of hidden cryptic diversity in
the O. lima-martensii complex (Chan 2013; Bogisich
2019). Similarly, the Occidozyga laevis complex from the
Philippines has been suggested to comprise up to eight
undescribed cryptic species (Chan et al. 2021). Within
the O. laevis complex, notable intra- and interisland
variations have been documented (Inger 1954) but few
follow-up studies have been performed to determine
the underlying source(s) of variation (but see Chan et
al. 2021). In this study, we conducted dense sampling of
O. laevis throughout all major islands in the Philippine
archipelago (Fig. 1) and generated novel genomic
sequence capture data consisting of exons, introns,
and exonic single nucleotide polymorphisms (SNPs)
to 1) explicate the causal processes that underlie high
levels of genetic diversity in O. laevis and to 2) test the
accuracy of phylogeny- and distance-based methods
for estimating cryptic species diversity. We found that
most genetic diversity in O. laevis can be attributed
to genetic admixture (as opposed to speciation) and
that phylogenetic structure resulting from gene flow
can easily and erroneously be misconstrued as species
divergence. The empirical evidence presented in this
suggests that a large portion of genetic diversity in
many cryptic species complexes comprises admixed
metapopulation lineages as opposed to distinct cryptic
species, and calls into question the prevalence and
degree of hidden cryptic species diversity throughout
the tree of life.

MATERIALS AND METHODS

Sampling and Sanger Sequencing

We compiled a comprehensive genetic panel based
on the 165 rRNA mitochondrial gene to provide a
preliminary estimate of phylogenetic relationships
to guide our selection of samples for subsequent
genomic sequencing. This panel consists of 403
sequences (322 newly sequenced for this study and 81
publicly available sequences from GenBank to increase
geographic coverage; Supplementary Table S1 available
on Dryad at https:/ /doi.org/10.5061/dryad.34tmpg4j1)
from numerous populations throughout the
entire distribution of Occidozygn, with particularly
dense sampling across all major islands in the
Philippines (Fig. 1). We used the primers 16Sc-L
(5'-GTRGGCCTAAAAGCAGCCAC-3), and 165d-H
(5'-CTCCGGTCTGAACTCAGATGACGTAG-3) to
amplify and sequence the 16S gene (Evans et al. 2003).
Amplification was done using the following PCR
thermal profile: 95°C for 4 min, followed by 35 cycles
of 95°C for 30 s, 52°C for 30 s, 72°C for 70 s, and a final
extension phase at 72°C for 7 min (Chan and Grismer
2019). Amplified DNA products were subsequently
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FIGURE 1.
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Left: Maximum likelihood phylogeny based on 1003 base pairs of the 165 rRNA mitochondrial gene and distribution map of

samples used in this study. Red dots at tips represent samples that were selected for genomic sequencing using the FrogCap protocol. Right:
ASTRAL-III phylogeny from the combined (intron+exon) data set (6274 gene trees). Black circles at nodes represent poorly supported branches
(posterior probability <0.95). All other branches were strongly supported (pp =1.0).

visualized on 1.0% agarose gels and sequenced at
GENEWIZ, South Plainfield, NJ. Sequences were
assembled and aligned (MUSCLE algorithm, default
settings) in Geneious Pro 5.3 (Kearse et al. 2012) prior to
phylogenetic estimation.

For genomic sequencing, 50 samples were selected
representing each major mitochondrial clade to
maximize geographic and genetic coverage across
all divergent clades. We used the modular FrogCap
sequence capture marker set, creating a novel subset of
markers shown to be successful in Occidozyga to increase
capture success and reduce missing data (Hutter et
al. 2019). A brief overview of the FrogCap protocol is
provided below and additional details are provided in
the Supplementary Material available on Dryad.

FrogCap Sequence Capture and Genomic Data Sets

We designed a reduced set of markers for population
genetics (Reduced-Ranoidea probe set), where we
selected exons from the main FrogCap marker set
described in Hutter et al. (2019). Our goal was to select
markers that were not part of the same gene and
were separated by at least 100,000 base pairs to reduce

the chances of linkage due to genomic proximity. We
selected markers that were found in both Occidozyga
and Kaloula (family Microhylidae), as our goal was to
have this reduced set of markers work for both groups
of taxa. We also included 47 ultralong exons (>5000
bp) previously not included in the Ranoidea V1 set.
Furthermore, we included 86 “Legacy” markers from
a recent study across the radiation of frogs (Feng et
al. 2017). Final marker sequences were designed from
the consensus sequences across the multiple sequence
alignments from Feng et al. (2017) and were then used
for probe design.

The Reduced-Ranoidea set was designed after the
40K Ranoidea V1 set had been tested, which enabled
the selection of markers that were captured successfully
across the entire superfamily Ranoidea (Hutter et al.
2019). To select markers that had already been tested,
we began with alignments from the 24 sample Ranoidea
set evaluated below and reduced the probe set to
markers successfully captured across 75% or greater
of the samples, which was 10,274 markers. Next, we
filtered the markers as follows: 1) UCEs were excluded;
2) the largest exon within 100,000 bp of another exon on
the Nanorana genome was retained reducing potential
genetic linkage due to recombination; and 3) all exons

220z Jaquiejdas g0 UO Josn salelqi sesuey| Jo AusiaAun Aq 926z2/229/0%/1/1 2/8114e/01qsAs/woo dnoolwepese//:sdiy woly papeojumod



2022

CHAN ET AL. - GENE FLOW INCREASES PHYLOGENETIC STRUCTURE 43

greater than 500 bp were included. This final candidate
set included ~4312 exons. To accommodate the probe
limit, exons were randomly deleted until the 20,020 bait
limit was reached, resulting in 3161 exons retained. After
combining the 86 Legacy markers, our final Reduced-
Ranoidea marker set included 3247 markers targeting
1,519,233 bp of data.

The bioinformatics pipeline for filtering adapter
contamination, assembling contigs, trimming, and
alignment is scripted in R (R Core Team 2014), available
at  (https://github.com/chutter/FrogCap-Sequence-
Capture;  bioinformatics-pipeline_stable-v1l),  and
described in detail in the Supplementary material
available on Dryad. Our final set of matching markers
was aligned on a marker-by-marker basis using MAFFT
(Katoh and Standley 2013) local pair alignment. We
screened each alignment for samples >40% divergent
from consensus sequences, which were almost always
incorrectly assigned contigs. Alignments were retained
if they included four or more taxa, had >100 bp length,
and mean sample specificities (i.e., the “breadth of
coverage” of the sample; see below) >50% across the
alignment (to prevent nonoverlapping segments of
the alignment). We then separated alignments into
two initial data sets: 1) “Exons-Only,” which included
only exon contigs with intronic regions trimmed from
each alignment using the Nanorana genome sequence
reference exon as a guide; and 2) “All-Markers,” which
included the entire matching contig to the reference
marker. The Exons-Only and All-Markers alignment
sets were further trimmed into usable phylogenetic
analyses data sets, and data type comparisons, resulting
in 1) “Exons,” each exons-only alignment was adjusted
to be in an open-reading frame in multiples of three
bases and trimmed to the largest reading frame that
accommodated >90% of the sequences; 2) “Introns,” a
consensus sequence of the exon previously delimited
was aligned to the All-Markers data set and the aligning
region was removed leaving only the two intron ends,
which were concatenated; 3) “Combined,” the exons
and introns were not separated from each other; 4)
“Legacy,” markers from Feng et al. (2017) were saved
separately for ease of access and comparison; Finally,
the Introns data sets were internally trimmed using
trimAl (Capella-Gutiérrez et al. 2009).

Variant  Discovery—variant calling for SNPs
(single nucleotide polymorphisms) was conducted
through a custom pipeline in R and is available at
(https:/ / github.com/chutter/FrogCap-Sequence-
Capture; variant-pipeline_stable-vl). We used GATK
v4.1l (McKenna et al. 2010), following developer best
practices recommendations for discovering and calling
variants (Van der Auwera et al. 2013). 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 cleaned reads
back to reference markers from each sample. We used
BWA (Li 2013) to map cleaned reads (cleaned-reads data
set explained in Supplementary material available on

Dryad) to our reference markers, adding the read group
information (e.g., Flowcell, Lane, Library) obtained
from the fastq header files. Next, we used SAMTOOLS
(Liu et al. 2009) to convert the mapped reads SAM file
to a cleaned BAM file, and merged BAM files with
our unmapped reads, as required for downstream
analyses. We used the program PICARD to mark exact
duplicate reads that may have resulted from optical and
PCR artifacts and reformatted each data set for variant
calling. To locate variant and invariant sites, we used
GATK to generate a preliminary variant data set using
the GATK program HaplotypeCaller, to call haplotypes,
in GVCF format, for each sample individually.

After processing each sample, we used the GATK
GenomicsDBImport program to aggregate samples from
separate data sets into their own combined database.
Using these databases, we used the GenotypeGVCF
function to genotype the combined sample data sets and
output separate “.vct” files for each marker, containing
variant data, from all samples, for final filtration.
The preliminary variant set was filtered into a final
data set refining as follows: 1) All variants were kept
after moderate filtering to remove probable errors
filtered at a quality score > 5; 2) High-quality variants
were kept including SNPs, MNPs (multinucleotide
polymorphisms), and indels filtered at a quality > 20; 3)
SNPs specifically were chosen after high-quality filtering
(quality > 20); and 4) our final data set consisted of one
high-quality SNP from each exon that was most variable
across samples.

Phylogenetic Inference

A preliminary mitochondrial phylogeny (165 rRNA
marker) was estimated using the maximum likelihood
(ML) program IQ-TREE v1.6 (Nguyen et al. 2015).
The best-fit substitution model was determined using
ModelFinder (Kalyaanamoorthy et al. 2017) and branch
support was assessed using 1000 ultrafast bootstrap
replicates (Hoang et al. 2017). For genomic data,
legacy, intron, exon, and combined (introns-+exons)
data sets were analyzed separately to assess variability
in phylogenetic signal that could potentially stem
from different classes of genomic data. Maximum
likelihood and summary coalescent methods were
performed separately on these data sets. Sequences were
concatenated and IQ-TREE was used to estimate an ML
phylogeny using a partitioned analysis (partitioned by
marker) with the GTR+I+GAMMA substitution model
applied to each partition (Chan et al. 2020a). Branch
support was assessed using 1000 ultrafast bootstrap
replicates (Hoang et al. 2017). IQ-TREE was also used
to estimate individual gene trees within each data set
using the GTR+I+-GAMMA substitution model. These
gene trees were used to calculate the gene concordance
factor (gCF) (Minh et al. 2020) and also as input for
the summary coalescent species tree analysis using
ASTRAL-II (Zhang et al. 2017). The ASTRAL analysis
was not performed on the legacy data set due to the low
number of markers.
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Species Network Analysis

Species networks were estimated under the
multispecies coalescent model using NANUQ (Allman
et al. 2019) and PhyloNet v3.8 (Wen et al. 2018). The
complete set of gene trees from the intron data set
(3142 gene trees; outgroups removed) was used in both
analyses. NANUQ was implemented through the R
package MSCQuartets v1.1.0 using small alpha (0.0001)
and large beta (0.95) values for hypothesis testing
as recommended by the developers. Test results on
quartet counts were used to calculate a network quartet
distance matrix between taxa. A splits graph under the
Neighbor-Net algorithm was inferred from the quartet
distance matrix using the software SplitsTree4 (Huson
and Bryant 2006). The PhyloNet species network was
inferred using maximum pseudolikelihood inference.
We performed eight separate analyses (10 runs per
analysis) with the number of maximum reticulations
ranging from 3 to 10. Likelihood scores for the best run
in each analysis were compared to select the network
with the optimal number of reticulations.

Species Delimitation

We compared genetic distances and performed
single-locus species delimitation analysis based on
the mitochondrial 16S ribosomal RNA to generate a
preliminary hypothesis of species boundaries (Vences
et al. 2005a, 2005b; Hillis 2019). To characterize genetic
divergences among clades, pairwise genetic distances
(165 rRNA gene) were calculated using uncorrected
p-distances and the Kimura two-parameter model in
MEGA-X (Kumar et al. 2018). Putative species were then
identified using the single-locus species delimitation
program mPTP (Kapli et al. 2017). The mitochondrial
phylogeny was used as the input tree and the minimum
branch length was calculated using the —minbr_auto
function in the mPTP program. The confidence
of delimitation schemes was assessed using two
independent MCMC chains at 10,000,000 generations
each. To test whether mitochondrial divergence predicts
nuclear genomic divergence, we performed linear
regression and a Pearson’s correlation test. Pairwise p-
distances for the 37 samples from the O. laevis clade
were calculated based on the 165 (1003 bp) and combined
intron + exon alignments (2,709,020 bp). P-distances
were scaled (subtracting the mean and dividing by the
standard deviation) prior to analysis.

We then used genomic SNP data to validate these
boundaries by implementing a variety of clustering,
population ancestry, and hybrid analyses. The program
GENODIVE v3.0 (Meirmans 2020) was used to perform
a K-means analysis to divide samples into groups that
maximize the among-group Sum of Squares calculated
from an Analysis of Molecular Variance. Convergence
was assessed by simulated annealing using 50,000
MCMC steps and the optimal number of clusters
was determined using a pseudo-F index and Bayesian
information criterion (BIC). The dimensionality of the

SNP data set was then reduced using a principal
component analysis (PCA) to uncover the underlying
group structure. The PCA was implemented through
the R package adegenet (Jombart and Ahmed 2011).
Because applying PCA on high-dimensional data can
be difficult to interpret (due to possible high numbers
of retained PCs), we implemented the t-distributed
stochastic neighbor embedding algorithm (t-SNE) that
is better able to capture the local structure of high-
dimensional data within 2-3 dimensions (van der
Maaten and Hinton 2008; Li et al. 2017; Derkarabetian
et al. 2019). This analysis was performed with the R
package Rtsne (Krijthe 2015) using the following settings:
perplexity =11, max iterations = 1,000,000, theta =0.0.

Population ancestry was estimated using a program
based on sparse non-negative matrix factorization,
sNMF (Frichot et al. 2014). Ancestry coefficients were
estimated for 1-10 ancestral populations (K) using
100 replicates for each K. The crossentropy criterion
was then used to determine the best K based on the
prediction of masked genotypes. The sSNMF analysis was
implemented through the R package LEA (Frichot and
Francois 2015).

Gene Flow

The program HyDe (Blischak et al. 2018) was used to
estimate the amount of gene flow among individuals.
Similar to the NANUQ and PhyloNet analyses, the
intron alignment (1,423,892 sites) was used as input and
the individual_hyde script was used to examine gene
flow at the individual level with bootstrapping (100
replicates). The hypothesis-testing framework of HyDe
differentiates between hybrid speciation and gene flow
based on the underlying assumption that all individuals
in a hybrid population are admixed. Although this
distinction is not of primary interest, estimations of gene
flow (y) resulting from this test are useful to assess the
integrity of putative species boundaries.

Isolation-by-distance and Isolation-by-environment

We tested for isolation-by-distance (IBD) using
distance-based redundancy analysis (dbRDA) as
opposed to the Mantel test that has been shown
to be inappropriate when geographic distances are
derived from spatial coordinates (Legendre et al.
2015). Pairwise Euclidean genetic distances among
individuals were calculated in GENODIVE and used
as a response variable. Geographic distances were
derived from GPS coordinates and transformed into
distance-based Moran’s eigenvector maps (dbMEM)
using the R package adespatial. First, a Euclidean
distance matrix between all individuals was calculated
with the threshold value (thresh) for the truncation
of the distance matrix set as the length of the longest
edge of the minimum spanning tree. Distances that
were longer than the truncation threshold were
modified to 4*thresh. A principal coordinates analysis
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TaBLE1l.  Summaries for the data sets analyzed in this study
Data set Total markers Basepairs Variable sites Total PIS Prop. PIS
16S 1 1003 698 494 0.4930
Legacy 85 86,925 17,093 9374 0.1028
Exon 3143 1,285,128 347,696 178,613 0.1260
Intron 3131 1,423,892 880,658 496,324 0.3479
Combined 6274 2,709,020 1,228,354 674,937 0.2367

PIS = parsimony informative sites.

was then performed on the modified matrix and
eigenfunctions that model positive spatial correlation
of the dbMEMs were retained as spatial variables.
The first Moran eigenvector (MEM) was used as the
independent variable. Environmental data consist of
WorldClim bioclimatic variables at a resolution of
30 arc-seconds (Fick and Hijmans 2017). Correlated
variables were identified using Pearson’s correlation
coefficient and removed via the removeCollinearity
function implemented in the virtualspecies R package
(Leroy et al. 2016). A redundancy analysis (RDA) was
then performed using the R function capscale from
the vegan package (Oksanen et al. 2017). Statistical
significance was assessed using 999 permutations.

Both R? and adjusted RZ(Rg 01].) were calculated to

assess the explanatory power of the model. To test for
IBD, the RDA was performed with genetic distances
as the response variable and the first MEM as the
independent variable. For isolation-by-environment
(IBE), uncorrelated and scaled bioclimatic variables
were used as the independent variable, while partialing
out geographic distance.

RESULTS

Genomic Data and Phylogenetic Relationships

Summary statistics of mitochondrial and genomic
data sets are presented in Table 1. For variant
discovery, a mean of 546.7 variants and 361.8 SNPs
were recovered per exon. Results for variant discovery
at every locus (Supplementary Table S2 available on
Dryad) and all phylogenetic trees can be obtained
from the Supplementary material available on Dryad.
Phylogenetic relationships inferred from mitochondrial
data differed significantly from those inferred with
genomic data, both at the species level (Fig. 1) as well as
within the O. laevis complex (Fig. 2). Branch support for
the mitochondrial phylogeny was largely weak along the
backbone of the tree (Fig. 2), but relatively strong close
to the tips (Supplementary material available on Dryad).
For the genomic data sets, IQ-TREE and ASTRAL-
III analyses inferred different topological arrangements
among the O. diminutiva/baluensis, O. lima, and O.
martensii clades, but relationships among O. semipalmata,
O. sumatrana, and O. laevis were congruent. All genomic
IQ-TREE analyses (legacy, exon, intron, and combined)
inferred O. diminutiva/baluensis as the first branching
clade with weak support, followed by O. lima and

O. martensii, respectively (UFB =87 for exons; UFB =100
for legacy and combined data sets). The intron data set
inferred O. lima and O. martensii as sister lineages with
moderate support (UFB =91). All ASTRAL summary
coalescent trees had identical quartet scores (0.67) and
inferred O. lima as the first branching lineage with
weak support, followed by O. diminutiva/baluensis and
O. martensii respectively with high support. Occidozyga
semipalmata was not monophyletic, which requires
further investigation. Within the O. lzevis clade, IQ-TREE
and ASTRAL analyses inferred congruent topologies
across all data sets (Figs. 1-3) and all nodes were
highly supported (UFB =100; ASTRAL local posterior
probability, pp =1.0) except for Clade F in ASTRAL
analyses (pp =0.48). In terms of gCF, branches leading to
clades E-J were substantially lower (1.56-7.4) compared
to clades A-B (>40) and C+D (20.5; Fig. 2).

Species Delimitation

The mPTP species delimitation analysis on the O. laevis
complex inferred 20 species that were between 3
and 10% divergent based on uncorrected p-distances
from the 16S rRNA marker (Fig. 2). Genetic distances
calculated based on the Kimura 2-parameter model were
congruent but slightly higher overall (Supplementary
Fig. S1 available on Dryad). In contrast, the K-means
analysis using genomic SNP data only inferred six and
eight clusters as determined by the pseudo-F and BIC
criteria respectively (Fig. 2). The smaller number of
clusters was supported by the sSNMF analysis, which
inferred an optimal number of 4-7 ancestral populations
(Fig. 3). Admixture was detected in Clades B, E, H,
and I, whereas Clades A, C, G, and ] were largely
nonadmixed. In agreement with the K-means and sSNMF
analyses, the PCA and t-SNE analyses showed that the
nonadmixed clades formed four well-separated clusters:
A, C, D, I+] (Fig. 4). Both analyses also detected a slight
separation within clade G which corresponds to fine-
scale phylogenetic and population substructuring that
was also inferred from the sNMF analysis at K = 7
(Fig. 3). Clades E, F, and H were clustered together and
showed an affinity with either Clade G or Clade I+].
Compared to PCA, the t-SNE analysis was able to reveal
more subtle data structures that were consistent with
quartet distances and splits inferred from NANUQ (see
below).
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Left: ASTRAL phylogeny (combined data set) of the Occidozyga laevis complex juxtaposed with results of the K-means clustering
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the mPTP species delimitation analysis. Numbers along major nodes are Ultrafast bootstrap support values. Right: Pairwise comparisons of 16S

uncorrected p-distances among pairs of closely related clades.

Species Network and Gene Flow

At 0=0.0001 and p=0.95, the NANUQ quartet
hypothesis test showed that most quartet counts
concordance factors (qcCFs) were clustered close to the
tree model (3 line segments) suggesting that quartets
were tree-like with little error. A relatively large portion
of qcCFs rejected the tree and star model in support of a
4-cycle network (red triangles; Fig. 5a). This is illustrated
by the neighbor-net splits graph that showed high levels
of discordance, especially among Clades E, F, G, and
H (Fig. 5b—f). The most highly weighted splits grouped
Clade A+B+C+D and Clade H+I+] (Fig. 5b). Clade E
was grouped with Clade A4+B+C+D with high weight
(Fig. 5¢) but was also grouped with Clade F with lower
weight (Fig. 5f). This is consistent with the SNMF analysis
that showed Clade E containing alleles from all those
clades (Fig. 3). Similarly, Clade G was grouped with
Clade H+I4] with high weight (Fig. 5c) but was also
inferred to group with Clade A+B with lower weight
(Fig. 5f). The t-SNE analysis also showed similar results
where Clade G was clustered with Clade A+B along
Axis 2 and with Clade H+I+] along Axis 3 (Fig. 4).
Clade F was also grouped with either Clade H+I+]J and

G (Fig. 5d,e) or Clade E (Fig. 5f). The splits graph also
showed slight separation within Clades F and G, which
was also evinced in the t-SNE analysis.

Based on likelihood scores, a species network
comprising seven reticulation events was found to be
optimal for the PhyloNet analysis (Fig. 6; Supplementary
Fig. S2 available on Dryad). Similar to results from
NANUQ, Clade F was shown to be connected to
Clade E as well as Clade H+I+], while Clade E was
also connected to Clade C+D (Fig. 6). Two separate
introgression events were inferred between Clade G
and H+I+]: one was more recent, while an older event
involved the ancestor of Clade G. Similarly, Clade B
was connected to Clades C+D and A through multiple
introgressive events. Introgression between C and D was
shown to be recent.

The HyDe analysis at the individual level was able
to provide a more nuanced characterization of gene
flow. Within Clade D, two individuals from Camarines
Sur (KU 306227) and Camarines Norte (KU 313686)
were highly admixed (0.41 <y <0.77) with Clade C and
Clades E, H, and F (Table 2). These two individuals
and another sample from Quezon (KU 333853) showed
moderate levels of admixture with Clade C and Clade ]
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Ancestry coefficient bar plots from the SNMF analysis for the Occidozyga laevis complex (K = 4-7) juxtaposed with the ASTRAL

phylogeny (combined data set) and putative species identified from the mPTP species delimitation analysis. Piecharts of ancestry coefficient
proportions of the most optimal K =5 are spatially visualized on the distribution map and labeled according to the major clades (A-J). The
distribution map is shaded according to major Pleistocene Aggregate Island Complexes: orange = Luzon, red = Mindoro, green = Palawan, blue
= West Visayan, purple = Mindanao. Crossentropy results for the sSNMF analysis are shown in the top left corner and inset images represent
topotypic O. laevis from population C and a population from Borneo (population A).

(0.13 <y <0.28). Interestingly, samples from the islands
of Polillo (KU 326227) and Catanduanes (KU 308045)
were not admixed. Clade E was moderately admixed
between Clade H and J (y=0.8). All individuals in
Clade F had high levels of admixture between Clade
J and Clade H (0.42 <y <0.63) and moderate to low
admixture between Clade D and Clades H and E (0.73 <
y<0.92). Clade H had very low levels of admixture
between Clades I, E, and F (0.94 <y <0.95). In Clade
B, one individual from Zamboanga (KU 334639) was
moderately admixed between Clades C and G (y=0.24),
whereas the individual from South Cotabato (ACD 5419)
showed moderate admixture between Clades C and
A (y=0.73). The bootstrap analysis showed that levels
of admixture are heterogeneously distributed across
individuals and clades (Fig. 6).

IBD and IBE

The dbRDA analysis to test for IBD was significant
(p<0.01) indicating a correlation between genetic and
geographic distance (Table 3). For the IBE analysis,
four of eight uncorrelated bioclimatic variables were
significant and interestingly, these four variables are
associated with precipitation. However, R? and Rg dj

were very low for all tested variables indicating high

variability (noise) in the data and low explanatory power
of the IBD and IBE model.

Relationship between Mitochondrial and Nuclear p-distances

For Clade D, a nonadmixed individual (KU 308045)
was selected for p-distance calculations. The relationship
between mitochondrial and nuclear p-distances was
strong and significantly correlated (Pearson’s correlation
coefficient, R=0.55, P<0.001; P value for the linear
regression was P=0.000) in clades that had little
to no admixture (Clades A+C+D+G+]). In contrast,
correlation was weak (R=0.17, P=0.025) in highly
admixed clades (Clades B+E+F+H+I;, Fig. 4). At
a=0.01, separate comparisons of individual clades
revealed that all nonadmixed clades showed strong and
significant correlations, whereas admixed clades were
not correlated (Fig. 7).

DiscussioN
Impacts of Gene Flow on Phylogenetic Inference and Species
Delimitation

In contrast to the substantially higher number
of species inferred from a conventional tree- and
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FIGURE 4.  Results of the PCA and t-SNE analyses on SNP data with datapoints substituted with piecharts of ancestry coefficients from the

sNMEF analysis at K =5.

divergence-based species delimitation approach (up to
20 species), our genomic validation analyses consistently
inferred a much lower number of distinct genetic
clusters. Our results demonstrate two specific ways in
which gene flow can confound phylogenetic inference
and species delimitation. First, admixed populations
can be erroneously inferred as distinct clades using
mitochondrial as well as genomic data. However, by
implementing a suite of clustering, population structure,
gene flow, and network analyses, we were able to
demonstrate that admixed clades were genetically

similar and connected to one or multiple parental
populations through gene flow. Despite high bootstrap
and local posterior probability support, gCF values were
markedly lower for the admixed Clades E-I (Fig. 2),
indicating high levels of phylogenetic discordance.
These results recapitulate and contribute to a growing
corpus of literature demonstrating the misleading and
inadequate properties of traditional measures of branch
support such as bootstrapping when applied to genome-
scale data (Kumar et al. 2012; Smith et al. 2015; Roycroft
et al. 2019; Chan et al. 2020a). Taken together, we
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FIGURE 5. Simplex plot of NANUQ's quartet hypothesis test at a=0.0001 and y=0.95 (a); Neighbor-Net splits graphs based on quartet
distances (b—f). All graphs are identical, and different colors represent alternative groupings. Numbers represent split weights, which can be
interpreted as relative support for the group. Clade labels A-J correspond to major clades of interest (see Figs. 2 and 3). The inclusion of a clade
in more than one group is interpreted as admixture.

showed that admixture caused by gene flow canincrease is unable to accurately depict the genetic affinity of
phylogenetic structure (and by implication, genetic admixed clades to multiple parental populations.

divergence) that is not entirely consistent with species Secondly, admixed lineages can appear to be
divergence, and that a single consensus phylogram genetically divergent, even from their parental
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populations when simple measures

are calculated based on a single mitochondrial gene
(Fig. 2). We contend that the issue is not with the use
of divergence measures per se, but rather, the limited
amount of data that can be obtained from a single

of divergence

mitochondrial gene (or a handful of Sanger-derived
markers), and the shallow amount of information
contained in simple measures such as uncorrected
p-distances or even model-based distances such as
the Kimura 2-parameter model. More importantly,
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TABLE2.  Results of the HyDe analysis at the individual level

P1 Hybrid P2 Z-score P value Gamma (y)

C (D) KU326227 E 11.24662813 0 0.677903622
C (D) KU313686 E 17.38488215 0 0.584934731
C (D) KU326227 H 6.002662092 9.74e-10 0.769793995
C (D) KU313686 H 10.79508126 0 0.675015729
C (D) KU326227 F 12.63074896 0 0.410136043
C (D) KU313686 F 14.34479627 0 0.437389205
C (D) KU333853 ] 6.517210175 3.60e-11 0.275268398
C (D) KU326227 ] 4.422054227 4.89e-06 0.130321284
C (D) KU313686 J 6.67133536 1.27e-11 0.195259231
H (E) KU345738 ] 8.248272379 0 0.814049556
H (F) RMB6117 D 8.925312189 0 0.90221198
H (F) KU308805 D 23.01866112 0 0.731866338
H (F) KU322859 D 15.30642043 0 0.835472497
E (F) RMB6117 D 13.76687875 0 0.924135234
E (F) KU308805 D 27.33226215 0 0.740295546
E (F) KU322859 D 18.68411272 0 0.80612333
J (F) RMB6117 H 8.732226424 0 0.227277673
J (F) KU308805 H 8.146439771 2.22e-16 0.631819219
J (F) KU322859 H 16.90365691 0 0.422869504
I (H) KU329207 E 6.286835818 1.63e-10 0.955818546
I (H) KU329207 F 7.302644735 1.42e-13 0.942091794
G (B) KU334639 C 18.02390945 0 0.237620065
A (B) ACD5419 C 18.25021737 0 0.729032803

Only significant results are shown (P <0.01). Admixed populations are designated as hybrids (clade name in parenthesis followed by sample ID)
and plausible parental populations were selected based on geographic proximity and results from the sSNMF analysis. Gamma values represent

the relative amount of admixture in the hybrid individual.

TaBLE 3.  Results of the redundancy analysis to test for isolation-by-distance (IBD) and isolation-by-environment (IBE)
P value R? Ri i

IBD

Geographic distance 0.001 0.01 0.04
IBE

Annual mean temperature 0.379 0.02695 0.00042

Mean diurnal range 0.23 0.02973 0.00336

Temperature annual range 0.029 0.03935 0.01355

Mean temperature of driest quarter 0.473 0.02582 —0.0008

Annual precipitation 0.001 0.06574 0.04149

Precipitation of wettest month 0.011 0.04364 0.0181

Precipitation of driest quarter 0.001 0.05644 0.03165

Precipitation of coldest quarter 0.001 0.05646 0.03166

Bioclimatic variables were obtained from WorldClim.

for the first time, we demonstrated the decoupling of
the relationship between mitochondrial and genome-
wide nuclear p-distances when admixture is present.
This result is significant because genetic distance
thresholds derived from short mitochondrial barcodes
are routinely used to justify and support the recognition
of new species across many taxonomic groups (Vences
et al. 2005a; Kvist 2016; Brennan et al. 2017; Lukhtanov
2019; Zhou et al. 2019; Jusoh et al. 2020; Martinsson
and Erséus 2021). We showed that while the use of
distance-based approaches may be viable when gene
flow is absent, it does not accurately reflect divergence
patterns in the nuclear genome when gene flow occurs,
leading to erroneous estimates of genetic distances and
species boundaries. As such, divergence thresholds
for species delimitation should be used with caution
when the absence of gene flow has not been ruled
out. Our results also highlight the potential pitfalls

of confidently relying on resolved species trees when
gene flow is present (Hahn and Nakhleh 2016). For
such cases, we demonstrate that phylogenetic networks
can provide a more accurate and holistic evolutionary
framework for downstream inferences (Cao et al. 2019).
We anticipate that the application of genomic data and
more robust analyses will eventually reveal gene flow to
be prevalent in many co-occurring or recently diverged
cryptic groups, thereby leading to a paradigm shift
in our understanding of cryptic species diversity and
the use of conventional phylogeny- and distance-based
approaches for cryptic species delimitation.
Interestingly, there were some discrepancies in group
clustering between nonparametric (K-means, PCA, t-
SNE) and model-based methods (sNMF, NANUQ,
PhyloNet). Nonparametric methods directly analyze
SNP data, and it is conceivable that gene flow affected
allele frequencies in a way that can bias clustering
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(Francois et al. 2010). This is corroborated by the fact
thatnonadmixed clades were consistently and accurately
clustered, whereas discrepancies only occurred in
admixed clades. The impact of gene flow on the efficacy
of nonparametric versus model-based methods has not
been thoroughly explored; this represents a novel avenue
for future research.

Spatial Patterns of Genetic Structure across an Island
Archipelago

Despite the prevalence of gene flow across multiple
populations, several distinct populations were detected
(Clades A, C/D, G/E/E and ]). The distribution
of these distinct populations corresponds well with
one of the primary predictions of the Pleistocene
Aggregate Island Complex model (PAIC; Fig. 3),
namely the geographical pattern of lineage distribution
and endemism (Inger 1954; Heaney 1985; Brown and
Diesmos 2009), coincident with the archipelago’s five
major landmass amalgamations (geological platforms)
and in situ diversification on larger islands (Brown et al.
2013).

Within the Luzon PAIC, for example, admixture
patterns elucidated here are congruent with previous
studies depicting fine-scale geographical patterns
of endemism, situated on the various geological
components of Luzon (Sanguila et al. 2011; Barley et
al. 2013; Brown and Siler 2014; Siler et al. 2014; Brown
et al. 2016), which have accreted together in recent
geological time scales, and now about one another, in
close proximity, on southern Luzon where the most
complex patterns of admixture were observed in this
study. For example, Lineage F, to date has only been
recorded in the Sierra Madre mountain range, a semi-
isolated, elongated mountain range of eastern Luzon
(Fig. 3), which abuts the Caraballo Mountains of Nueva
Viscaya Province, where our only other F individual
was collected. Clade D is a Bicol faunal region lineage
found at high elevation mountains of the Bicol Peninsula
or on the small islands of Polillo and Catanduanes.
Although the sNMF analysis at the most optimal K
=5 did not detect signatures of admixture, the HyDe
analysis revealed that samples from Camarines Sur
and Camarines Norte in the northern region of the
Bicol Peninsula were highly admixed with samples from
Clades E, H, and F on Luzon, which is congruent with
results from the PhyloNet analysis (Fig. 6). Clade D is
derived from a split with Lineage C, which is from the
south to northern Samar island, and separated from
the southern tip of Luzon and the Bicol faunal region
by a single, narrow channel (Fig. 3). Divergence across
this southern Luzon-northern Samar interface is not
surprising and was presumably facilitated by sea-level
vicariance or colonization of Luzon from the south,
followed by isolation. Lineage ] is found unadmixed
at higher elevations in isolated mountains of western
Luzon (the Cordillera and Zambales mountains) and
on small islands to the south and southwest of Luzon

(Marinduque, Mindoro, and Lubang). One plausible
interpretation is that this genotype initially evolved in
isolation—either in one or more of Western Luzon’s
isolated mountain ranges or on the deepwater island
of Mindoro or Lubang—but has subsequently expanded
its range to move into the highly disturbed agricultural
matrix of southern Luzon, where it now comes into
close contact and found to be admixed with E, H, I,
F, and to a lesser degree, D (Table 2) in intermediate
localities of Laguna, Bulacan, and Quezon provinces,
and nearby southern Zambales. The occurrence and
admixture between a sample from Clade J (KU 306232)
at moderate elevations on the same mountains (foothills
of Mt. Isarog, Camarines Sur) as a sample from Clade D
(nearby Municipality of Pili, vicinity of Naga City) (KU
333853; Table 2) exemplifies the ability of these lineages
to exchange genes upon contact.

In contrast, patterns of demonstrated south-to-north
admixture between the Mindanao and Luzon PAICs
necessitates interpretations of over-water dispersal and
colonization, which have frequently been detected (Siler
et al. 2011; Brown et al. 2013). The same appears likely
for gene flow from Mindoro, West Visayan islands,
and the Romblon island group in the central portions
of the archipelago (Fig. 3). Interestingly, admixture
patterns inferred from this study indicate that gene
flow only occurred in a northward direction; Luzon-
endemic genotypes were not admixed with West
Visayan, Mindanao, Palawan, or Sulu/Borneo genomes.
Because PAICs are separated by deep marine barriers
and have never been connected by land, the most
plausible explanation for gene flow among PAICs is
overwater dispersal (Brown et al. 2013). We find this
explanation to be particularly cogent for the Philippines,
which receives an average of 20 typhoons every year,
with southern Luzon being the most general area
of storm landfall (Cinco et al. 2016). This is further
corroborated by multiple studies that have inferred
overwater dispersal across Philippine PAICs, many of
which include amphibians (Evans et al. 2003; Brown and
Diesmos 2009; Siler et al. 2011; Blackburn et al. 2013;
Brown et al. 2013; Brown 2016).

Admixture is most evident in southern Luzon
(Laguna Province, where mainland Luzon joins the Bicol
Peninsula) and southwestern Mindanao (Zamboanga
and the Cotobato Coast), alluding to the possible
existence of hybrid zones in those areas (Fig. 3). Despite
gene flow occurring among multiple populations,
our results revealed the existence of several distinct
lineages whose occurrence correspond with well-
defined biogeographic zones, sutures, and faults
(Brown et al. 2013), suggesting that the highly
fragmented archipelagic landscape may counteract the
homogenizing effects of gene flow, thereby allowing
distinct populations to persist on isolated landmasses
and even PAICs separated by narrow, but deep, marine
channels of the central regions of the archipelago
(Welton et al. 2013; Brown et al. 2016). However, the
explicit delimitation of these lineages will require denser
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sampling and more robust analyses to examine temporal
patterns of diversification. Quantifying gene flow and
obtaining realistic estimates of beta diversity across
these barriers in the remaining, but imperiled, natural
habitats of the central Philippines, provides compelling
opportunities for future conceptual studies of genomic
data and the applied conservation actions that may be
derived from them.

Reconceptualizing Cryptic Diversity with Implications on
Taxonomy and Conservation

The rise in new cryptic species discoveries across
a diverse range of taxon complexes has led to the
notion that cryptic species may be prevalent across
the tree of life and is responsible for a significant
portion of the earth’s yet undescribed biodiversity
(Beheregaray and Caccone 2007; Bickford et al. 2007;
Pfenninger and Schwenk 2007; Adams et al. 2014).
Although true cryptic species do undoubtedly occur
(Colborn et al. 2001; Brown et al. 2007, Elmer et
al. 2007; Qin et al. 2016; Perry et al. 2018; Rosser
et al. 2019), our results indicate that its prevalence
in nature could be overestimated. The majority of
studies that reported high levels of cryptic diversity
based their supposition on phylogenetic structure and
distance-based analysis. This study provides compelling
empirical evidence showing that gene flow can produce
diversification patterns that mimic species divergence.
In particular, admixture can produce highly pectinate
and asymmetrical topologies (e.g., Clades E-H), which
is apparent in most cryptic groups (McLeod 2010;
Adams et al. 2014; Matsui et al. 2016; Chen et al. 2017).
Despite very high levels of discordance (as evinced
by concordance factors), such lineages can be strongly
supported by conventional measures (e.g., bootstrap
values). These nonmonophyletic but genetically cohesive
metapopulation lineages can be challenging to resolve
taxonomically due to the dissonance between the
criteria of monophyly and genetic distinctness. This
is exemplified by Clades E and F that are not
reciprocally monophyletic with strong support. Robust
analyses based on genomic data indicate that they
are conspecific, yet lumping them would invoke
an unnatural phylogenetic grouping. This taxonomic
conundrum highlights the limitation of delineating
species based on a single consensus phylogram, even
when clades are highly supported by genomic data.
Our results add to the rapidly growing number of
studies showing that conflicting evolutionary histories
can occur within and between loci (Mendes et al.
2019; Smith et al. 2020) and that a small number of
genes can heavily influence the species tree topology
(Walker etal. 2018). Therefore, a phylogeny-based species
delimitation approach can yield erroneous results with
spuriously high support when gene flow is present.
Moving forward, delineating cryptic species boundaries
should necessarily consider gene flow and gene tree
variation within the species delimitation framework to
avoid taxonomic inflation.

Our results also provide an alternative explanation
for the formation of cryptic species—genetically
divergent lineages that are not accompanied by
morphological differentiation. Gene flow can act as a
homogenizing force that reduces phenotypic variation,
and simultaneously, as shown by our data, admixed
populations can appear as distinct and divergent
lineages on a phylogenetic tree. This can result
in anomalous patterns such as highly divergent
sympatriclineages and genetically similar but parapatric
populations (Chan et al. 2020b). These patterns are
not uncommon across the tree of life and have been
touted as clear evidence of cryptic speciation (Chan et
al. 2018; McLeod 2010; Landaverde-Gonzalez et al. 2017;
Dobson et al. 2018; Filippi-Codaccioni et al. 2018). Our
study challenges this overly simplistic assumption and
empirically demonstrates that gene flow can produce
similar patterns.

Despite inferring a substantially lower number
of species, our study nevertheless detected several
genetically  distinct  cryptic  lineages, thereby
demonstrating that cryptic species do indeed occur. The
importance of recognizing cryptic species, particularly
for conservation is widely acknowledged (Trontelj and
Fiser 2009; Deli¢ et al. 2017). Although we do not question
its importance, we argue that over-recognizing species
diversity can be equally as detrimental to conservation
(Folt et al. 2019). Oversplitting of existing species can
lead to an increase in the number of endangered species
due to a reduction in the distribution range of the
associated species. The abundance and area occupied
by each newly delimited species will inherently be a
subset of its progenitor species. As widely accepted
classifications such as the IUCN Red List are in part
predicated on both abundance and range, the number of
threatened species can be expected to increase, leading
to a concomitant increase in devoted resources and
education (Agapow et al. 2004).

This study demonstrates the specific mechanisms in
which widely adopted species discovery approaches
can inflate diversity estimates. These methods can be
applied to large data sets and are relatively cheap
and easier to generate. Hence, they are well-suited
for identifying candidate species for future validation
testing. Nevertheless, moving forward, delineating
cryptic species boundaries should necessarily consider
gene flow and gene tree variation within the species
delimitation framework to avoid taxonomic inflation. For
the O. laevis complex, denser geographic sampling in the
southern island of Mindanao and the northern island of
Luzon would be needed to provide better estimates of
gene flow. Characterizing gene flow within a temporal
context would also aid in assessing the integrity and
durability of species boundaries through evolutionary
time (Singhal et al. 2018).

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
https:/ /doi.org/10.5061 /dryad.34tmpg4j1.
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