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Catastrophic events, such as volcanic eruptions, can have profound impacts on the demographic
histories of resident taxa. Due to its presumed effect on biodiversity, the Rires&rtiption of
super-volcano Toba has received abundant attention. We test the effectsaifatertiption on

the diversification, genetic diversity, and demography of three co-distributed species of
parachuting frogs (Genughacophoruson Sumatra. We generate target-capture data (~950 loci
and ~440,000 bp) for three species of parachuting frogs and use these data paired with previously
generated double digest restriction-site associated DNA (ddRADseq) datantamtegtbpulation
structure and genetic diversity, to test for population size changgsdenographic modelling,

and to estimate the temporal clustering of size change events using a finlbbkieBayesian

method. We find that populations around Toba exhibit reduced genetic diversity compared with
southern populations, and that northern populations exhibit a shift in effective population size
around the time of the eruption (~80 kya). However, we infer a stronger signal of expansion in
southern populations around ~400 kya, and at least two of the northern populations may have
also expanded at this time. Taken together, these findings suggest that theuptba e

precipitated population declines in northern populations, but that the demographic history of
these three species was also strongly impacted by mid-Pleistocenexpaassion during

glacial periods. We propose local rather than regional effects of the Toba eruption, and

emphasize the dynamic nature of diversification on the Sunda Shelf.

Keywords: Anuran, demographic modelling, Pleistocene, Sunda Shelf, target capture, volcano
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INTRODUCTION

Catastrophic events can shape patterns of species diversification, population genetic
structure, and local demography (Schoener & Spiller, 2006; Botting, 2016). Volcanic eruptions
in particular can have profound effects on spd@eslutionary histories, and these events often
leave signals on the genomic patterns of resident species (Gubitz et al., 2006t/i@&tis. ,
2015). One Quaternary volcanic eruption has received exceptional attention and centiaee
to its presumed impact on biodiverstWKH 7RED uvYHBXBWI(RREster et al., 1991; Rampino
& Self, 1992; Yost et al., 2018). The Toba eruption occurred ~74 kya and waRti@G{Vv ODUJHVW
Quaternary explosive eruption (Ninkovich et al., 1978; Oppenheimer, 2002; Williams, 2011).
Although the Toba Caldera experienced four major eruptions beginning at 1.2 Ma (Chesner et
al., 1991), the final eruption was 3,500 times greater than the largest eruption of the modern era
(1815 eruption of Tambora) and ash deposits have been identified as far away as India and the
South China Sea (Fig. 1A; Rose & Chesner, 1987; Acharyya & Basu, 1993; Westgate et al.,
1998; Buhring & Sarnthein, 2000; Oppenheimer, 2002; Robock et al., 2009). Nonetheless, the
HUXSWLR@R¢t on biological life has been extensively debated, with some sources
hypothesizing the ons&l D JOREDO ZLQWHU WKDW GHFUHDVHG (DUWKYV WIBPSHUDWXUH E
5°C (Rampino & Self, 1992), leading to dry conditions and pronounced deforestation (Robock et
al., 2009; Williams et al., 2009; but see Haslam & Petraglia, 2010). This clineateraay have
driven local bottlenecks and even extinction (Robock et al., 2009), and has been ithplicate
precipitating human diversification (Ambrose 1998; 2003; Rampino & Self, 1992).

Alternatively, studies of non-human animals, as well as some human studies, support

mixed effects of the eruption on species diversification (Erwin & Vogel, 1992; Gathiamaly
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& Harcourt-Smith, 2003; Yost et al., 2018). The eruption has been implicated in aaniely
of evolutionary scenarios, including decreased gene flow in orangutans (Nater et al., 2011;
2017), diversification through habitat fragmentation in tigers (Luo et al., 2004), facgitati
secondary contact in Sumatran elephants (Fleischer et al., 2001), and driving one @aplotyp
group in palm civets to extinction (Patou et al., 2010). Alternatively, the fossil recmrdles
evidence for few if any extinction events in mammals (Louys, 2007; Louys & Meijaard, 2010. In
other volcanic systems, signals of population size change following eruptions have betsddet
in genetic data supporting both population expansion (Gubitz et al., 2005; Brown et al., 2017)
and contraction (Carson et al., 1990; Beheregaray et al., 2003). However, the impadtaifa
eruption on population demography has received less attention than its effect on extinction.

In addition to active volcanism, the island of Sumatra experienced a complex geological
history during the Quaternary driven by glacial cycles, which led to periodic connectithty wi
the rest of Sundaland (Java, Borneo, Thai-Malay Peninsula) and shifts in forest distribgtion (F
1B,C; Cannon et al., 2009; Hall, 2009; 2012a; 2012b; Lohman et al., 2011; Iwanaga et al., 2012;
Morley, 2012; Raes et al., 2014). These climate fluctuations repeated approxenatgl 100
kya during the Pleistocene (Voris, 2000; Woodruff, 2010; Husson et al., 2019; Sarr et al., 2019).
Although lowland forest habitat likely expanded during warmer and wetter interglacial periods,
(Morley & Flenley 1987; Heaney, 1991, Bird et al., 2005), cooler climates during glacial periods
(2£6 °C lower than today; Van der Kaars & Dam, 1995; Morley, 2012) likely facilitated the
expansion of montane forests (Newsome & Flenley, 1988jts et al., 1984, 198&annon

2009; 2012). Thus, montane forest restricted species may have experienced dynamic population
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sizes during glacial periods and this signal should be detectable in the demograptyiohis
resident species (Mays et al., 2018).

Despite considerable effort to understand the effects of the Toba eruption and glacial
cycles on many species in the region, few studies have investigated how thesengbectisd
the demographic processes of montane-restricted taxa. One taxonomic group thatsemhtbe
address these questions are the parachuting frogs (Bbaasphorusbecause they are species-
rich and widely distributed across Sumatra. Fifteen speciebatophoruhave been described
from Sumatra, and a high proportion are endemic species that diversiigaon the island
(Harvey et al., 2002, Streicher et al., 2012, 2014, Hamidy & Kurniati, 2015, O'Connell et al.,
2018a,b). In particular three speciBs catamitusR. modestysandR. poecilonotusare co-
distributed across the island and are restricted to montane forest streawiagdlbr the
comparison of populations with similar life histories located proximate to, and distanthe
Toba eruption. Past work with these species found evidence of congruent population structure
and synchronous divergence (~5 Ma) across Sumatra, suggesting similar responses to shared
historical processe2&RQQH@I., 2018a). However, the same study showedRheatamitus
andR. modestusriginated in northern Sumatra, whike poecilonotusriginated in southern
Sumatra, suggesting differential responses to some geological events Hetyweenilonotus
and the other two species.

In this study we use target-capture and double digest restriction-site askOdibk
(ddRADseq) data to investigate the demographic and evolutionary effects of the Toba eruption
and shifts in montane forest distribution on thiRk®cophoruspecies from Sumatra. We test the

following hypotheses: (1) If the Toba eruption impacted the demographic history dfiygargc
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frogs, we expect that (a) northern populations will exhibit reduced genetic diversityredmpa
with southern populations (b) analyses will support population contraction in the northern
populations around the time of the eruption, as documented in other volcanic systems. (2) If
cycles of forest expansion and contraction impacted the demographic history of parachuting
frogs, we expect that (c) genetic diversity will show no geographic pattern acrosartde (d)
northern and southern populations will exhibit congruent timing of size change events

corresponding to discrete glacial cycles.

MATERIALS AND METHODS

Species distribution modelling

We used species distribution models to infer the extent of montane forest during glacial
and interglacial periods. We compiled locality information for the three focalespBci
catamitus R. modestysandR. poecilonotusiuring our field surveys conducted across Sumatra
in 1996 (Harvey et al., 2002) and from 2012-2016 (Harvey et al., 2015, 2016). In an effort to
understand changes in species distributions during glacial cycles, we estimatesl specie
distribution models using MaxEnt 3.3.3k (Phillips et al., 2006). Specifically, we used 19
bioclimatic variable files at 30s resolution for contemporary climate data, and 19 esuaabl
2.5m resolution for Last Glacial Maximum (LGM) data (highest resolution available) from
WorldClim (2020). Although the LGM likely represents a more severe climate fluctuasion th
most of the Pleistocene glacial cycles experienced on Sundaland (Morley, 2Gl2)e ibnly

glacial cycle with suitable data and thus serves as a useful approximation of efonést
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extent during glacial cycles. Likewise, we use contemporary distributions of teddbet

species to understand species distributions during interglacial periods. We noted no ntatrohabi
differences between the focal species during field work, and thus, grouped all species into a
single model to increase sample sizes and model the distribution of the spesiddaps

through time. We formatted bioclim files using @kp andRasterto ASC tools in QGIS 3.6
(available from available at https://github. com/qgis/QGIS). In MaxEnt, we appkealito

features settings, and applied 5,000 iterations. We changed the replicated run type to
[Subsampl§and assigned the random test percentage to 25 and udédgkieol in QGIS to

crop out zones that fall outside our study area. We evaluated model performance by assessing the
omission data plot and area under the curve (AUC) plot. The resulting SDM models indheated t
probability of occurrence (081.0) for the assemblage, which should serve as a good proxy for
montane forest extent given the habitat specificity of our target speciesyekt lased in our

analyses are available online (Data Accessibility).

Genomic data generation

Genomic data were generated followed Portik et al., (2016) with modifications. Exonic
targets were designed from transcriptome sequencesRronodestuandR. monticolausing
custom scripts (see Data Accessibility). Probes for the target sequencegnilezsized by
myBaits® (Arbor Biosciences, Ann Arbor, MI) using 120 bp probes with 2x tiling. The final
probe set resulted in 19,950 baits targeting 955 transcript markers from each of the two species.
Library preparation was conducting using the Kapa Hyper Prep Kit (Kapa Biosystems,

Wilmington, MA) for 69 individuals. Starting with 1J of DNA from each pooled library group,
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we hybridized pooled genomic libraries with target probes following the myBaits® protdeol
pooled capture libraries into two sequencing groups (Table S1) which were sequemneed on t
lanes (150 bp PE) of the llluminX10 at Medgenome (medgenome.com). Full methods for
transcriptome data generation and assembly, probe design, library preparation, ahzaltigiori

reactions are described in the Supporting Information.

Genomic data processing

Phased alignments for downstream analyses were generated using the Python pipeline
SECAPR v.1.14 (Andermann et al., 201i@)owing the steps outlined in the developer
documentationhttps://github.com/AntonelliLab/seqcap_proceysord fully described in the
Supporting Information. We further filtered the final phased alignment using custom Python
scripts. We refer to this datade¥ pIXORFXbécause it includes the target exons as well as
assembled flanking sequence. All scripts used in filtering are available onlineatsee D
Accessibility).

In order to optimize our alignments at the phylogenetic level (across the genus) and also
to evaluate the utility of only exonic sequence for population genomic analyses, we gemerate
second datas&VKDW ZH UHIHU WR DV \ulKtdget[RQIEY than assembling reads then
matching the assembled contigs to a reference sequence, we mapped our cleanedatbads dire
to our target sequences, then phased, aligned, and filtered these alignments as described above
and in the Supporting Information.

We called SNPs for both datasets usingRIseript fasta2vcf.R

(https://github.com/gehara). To call SNPs for the exonic dataset we first selpauat
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alignments by species so that SNPs were only retained within each species;|toaiullataset

was already separated by species. We report the total number of SNPs retained, the number of
loci with SNPs, and the percent missing data in Table 1. Missing data wasteal¢ali@wing

de Medeiros and Farrell (2018).

To compare population genomic parameters estimated using our two target-capture
datasets to those estimated from ddRADseq data, we utilized ddRADseq-derived SiHP data
DOO WKUHH VSHFLHV IURRR4I&RZDQBE) T hese datasets were filtered such that 70% of
individuals contained a locus for it to be retained. Dataset characteristicsswellewas: R.
catamitusn = 20 with 4594 SNPs and 20.7% missing d&tanodestua = 10 with 1008 SNPs

and 26.31% missing data, aRdpoecilonotus = 17 with 798 SNPs and 25.5% missing data.

Testing probe efficacy to recover population structure and estimate genetic diversity

To verify that our capture data recovered the same population structure as mitochondrial
DQG GG5%' GDWD IURP 2&RQQHOO HWh2@stimated population structure using
maximum likelihood using Admixture v.1.3.0 (Alexander et al., 2009) using a rangeadfies
(1£5), with five iterations peK value. We removed individuals with less than 25% of SNPs, and
plotted the meaK valuefor each individual across iterations.

We estimated population genetic summary statistics for each species using SNP
alignments from the all datasets using the populations module from STACKS v.2.4 (Catchen e
al., 2013), and compared the results using all SNPs and only one random SNP per locus for the
two target capture datasets (Table S3). To account for sample size discsepatweezn

populations and datasets, we implemented a subsampling without replacement ajgngach
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custom scripts (Data Accessibility) where we down sampled the vcf file bfegulation for
each species and each dataset for between two samples, which was the mimmbemaofu
individuals in a populationR. poecilonotusouth) to nine samples, which was the maximum
number of individuals in a populatioR ( catamitusouth). We then ran the populations module
on the subsampled datasets for 500 iterations, giving us 500 estimates from a ramgeof sa
sizes for each parameter.

Finally, we tested how well our recovered loci could reconstruct the phylogeny using taxa
from across the genus. We concatenated all loci for the exonic dataset for all saatiptks, c
consensus sequence for each individual, and estimated a maximum likelihood phylogeny using
RAXML v.8.2.11 (Stamatakis, 2014) with 100 rapid bootstrap iterations, partitioning by locus

and applying a single GTRCAT model to each partition.

Demographic modelling of size change events

To investigate if size changes occurred in SumaRtaamcophorugindicative of
catastrophic geological events), we used the diffusion approximation method implemented in
/DL *XWHQNXQVW +HUQDQGH] :LOOLDPMRE, 2003)\WDanalyse two-dimensional Site
Frequency Spectra (2D-SFS). The folded 2D-SFS was generated from VCF files
(https://github.com/isaacovercast/easySFS), and to account for missing data wegojan
to smaller sample sizes for each dataset (Table 3). In the case of the admixédahdf R.
poecilonotugsee Results), we tested models where we assigned this individual to the northern
and southern population. Because we observed only minor differences in parameter estimates,

we only present results for this individual assigned to the northern population. For eaeh data
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we compared divergence with no size change and divergence with size change (te estimat
expansion or contraction) using the workflow outlined by Portik et al., (2017;
https://github.com/dportik/dadi_pipelipe~ollowing Portik et al., (2017) and Barratt et al.,
(2018), we performed five iterations of each model. Each run consisted of four rounds of
optimizations with multiple replicates and used search parameter estfroatdbe best scoring
replicate (highest log-likelihood) to seed searches in the following round. We used the default
settings of dadi_pipeline for each round (grid size = 30,40,50; replicates = 10,20,30,40; maxiter
= 3,5,10,15; fold = 3,2,2,1), we optimized parameters using the Nelder-Mead approach
(optimize_log_fmin), and used the optimized parameter sets of each replicate toesiheuiD-
SFS. The log-likelihood of each 2D-SFS was estimated for each model using a multinomina
approach and we identified the best-supported model using log-likelihood and AIC, confirming
that the best supported model was consistent across the five iterations. For tloapduget
datasets we compared models using all SNPs and a single random SNP for each lages; beca
using linked sites violates the assumptions of AIC model selection (and becausevesailt
congruent between datasets), we only report the parameter estimates for-suppesed

model from the single SNP analyses (Table 3).

Estimating the timing of demographic events

We used ecoevolity v.0.3.2 (Bryant et al., 2012; Oaks, 2019a) to estimate the timing and
synchronicity of demographic events. Ecoevolity is a general, full-likelihood BayestAndne
that can estimate the temporal clustering of demographic events for all ppuiata single

analysis. The program thus estimates the timing of demographic events, as Viettas e
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population sizes of ancestral and contemporary populations (which are used to infer shifts in
population size). To generate input files for each dataset, we included thegfuthatits for

each locus; Oaks et al., (2019b) showed that using all sites substamtpalbyes estimates of
demographic event times. We separated each alignment into northern and southern populations
for each species based on clustering analyses (Fig. 2) for a total of six populations being
compared by ecoevolity. In the case of the admRepoecilonotuindividual we ran analyses

once with the individual assigned to each population.

We tested up to 13 parameter combinations (see Supporting Information) and
implemented the following parameters in the final analysis: we applied &lBtrprocess with a
concentration parameter fixed at 2.62 (mean prior probability on 3.5 demographic events across
the six populations) as the prior over all the ways the timing of the population-size change of the
six populations can be assigned #% Events, and an exponential distribution for the prior on
event times (i.e., unique times of population-size change), with a rate of 1000 (~500 Kya
assuming a mutation rate of 1.42 x9Hubstitutions per site per year). For the prior on the
current effective population size (scale by the mutation rate) we used a gartbatdds prior
(shape = 3.5, scale = 0.001). For the prior on the relative effective size of the population before
the size change occurred, we usetd/@iL UHVXOWYV WR DSSO\-SEsKi0OBXgbRENtial
distributions. On the northern populationsrofcatamitusandR. modestusve applied an
exponential distribution with a mean = 2 (modelling contraction), and on the southern
populations applied an exponential distribution with a mean = 0.5 (modelling expansign). In
poecilonotusve applied the inverse, and in all cases allowed the parameter to beezstiviat

set the mutation rate equal to one and converted posterior estimates by dividing btattemu
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rate of 1.42 x 1@substitutions per site per year, estimated for the frog degpispelis(Allio et

al., 2017). We ran 20 MCMC chains for each prior combination for each dataset for 75,000
generations with a sample taken ever 50 generations, producing 1500 samples from each chain.
We checked for convergence and calculated median values for parameters of interest in Trac
v.1.7.1 Rambaut et al., 20}8vith a 10% burnin. Figures were produced using the
DFFRPSDQ\LQJ 3\WKRQ SDFNDJH puSWREYIRGOIVEAHurnin of 101 samples for each log

file.

Simulations to investigate dataset variation

To better understand the variability in posterior estimates between datasetsgwe us
MVLPFRHYR®IOA\Y (Oaks et al., 2019b) within the pycoevolity package to simulate 300
replicatesXVLQJ Wi RSWLRQ ZKLFK VLPXODWHYV DOLJQPHQWAMBIKEANIBRBERKHG RXU
for numbers of individuals, locus number, locus length, and patterns of missing data veithin ea
locus. We also simulated an additional full-locus dataset with double the number of individua
(full-doubled). This strategy allowed us to identify if differences between estimatedieom t
datasets were due to differences in the number of sites, loci sampled, patterrssngf daita
within each locus, or sample sizes. For the three analyses (exonic, full-locus, and fiddjjoubl
we analysed the 300 simulated replicates using 4 chains of ecoevolity under thet@aram
described above, and plotted the 4000 MCMC samples for each (1500 samples per chain, less
500 burnin per chainfXVLQJ uSWRXPVLPWf the pycoevolity package with a burnin of 500

samples per chain.
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RESULTS

Species distribution modelling

Our species distribution models (SDMs) indicated that during interglacial periods
(represented by contemporary distributions), suitable montane forest cover was reetricted t
upper elevation zones throughout the Barisan Range of western Sumatra (Fig. 1B). Interglacial
periods thus likely had regions of non-contiguous montane forest at lower elevations in regions
separating montane habitats, suggesting that montane forests are currently in astatagial
(Cannon et al., 2009). In contrast, LGM models supported largely contiguous montane forest
across the entire range of the focal spdcgsanning many of the lower lying areas (Fig. 1C),

providing potential corridors for dispersal of montane taxa.

Target capture efficiency

We compared two assembly strategies for generating final alignments for the three focal
species (Table 1). Generally, the full-locus dataset generated moreNB&li8ore SNPs per
locus and more loci with SNPs. However, the full-locus dataset had fewer totadocered,
shorter loci, fewer individuals per alignment, and greater levels of missing data when eébmpare
with the exonic dataset. This assembly method was also more sensitivergeedoe from the
reference sequence, as observed when comparing capture success Remmedestugthe

reference species) and the other two species (Table 1).

Estimation of population structure
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Within the focal species, the target-capture data recovered similar populatciaretta
the ddRADseq data, with northern and southern populations roughly divided at the midpoint of
the island (Figs. 2; S2). R. poecilonotusve inferred one individual with mixed ancestry from
northern Sumatra, but this pattern could be caused by either incomplete lineage sorting or

secondary contact following allopatric speciation (McGuire et al., 2007; Balll, 2015).

Genetic diversity estimation

Across species, we consistently estimated higher genetic diversity inrsouthe
populations compared with northern populations (Fig. 3; S3; Tables 2; S3). Across datasets,
parameter values were consistent with the target-capture data when uSiNgsitompared
with only one SNP (Table S3), and between the full-locus and exonic datasets (Fidol82)Ta
In preliminary analyses with unequal sample sizes, we observed large discrepanaes bietw
target capture and ddRAD datasets (results not shown), but when we utilized a bootstrapping
approach this discrepancy largely disappeared (Fig. S3). Two exceptions were rrthern

modestusind southeriR. poecilonotuswhich had smaller sample sizes in the ddRAD datasets.

Demographic model testing

We compared divergence with and without size change for each dataset (Table 3). In all
datasets foR. catamitusandR. modestygivergence with size change was strongly supported
(G AIC > 5). However, irR. poecilonotusanalyses of the full-locus and exonic datasets either
failed to strongly differentiate between models or found weak support for divergence without

size change(fAIC = 3.8), including in the models where we changed the assignment of the
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admixed individual (results not shown). In the ddRADseq datR fpoecilonotushe size

change model was only weakly supportédiC = 3.8). This suggests that the number of SNPs
or the population-level sampling R. poecilonotugtwo central individuals and no southern
individuals) were not sufficient to differentiate between these two models. Wevisthénferred
consistent patterns across analyses (Table 3).

Patterns of population size change were consistdt datamituandR. modestyghe
southern populations always expanded and the northern populations always contracted. In both
species the magnitude of southern expansion was greater than that of northern contr&tion. In
poecilonotusve inferred the opposite signal across all datasets, with northern expansion and
southern contraction, and the magnitude of southern contraction was much greater than that of
northern expansion. These findings were consistent when including all SNPs or only o SNP,

well as in the ddRADseq data (Table 3).

Temporal clustering of demographic events

We tested a wide range of priors for each dataset to ensure that our data, and not the prior
distributions, were driving posterior estimates (Table 4). We found that the posteributicst
of demographic event times varied little between runs with different priors, but thataherpr
the concentration parameter affected support for the number of events between runs, although the
best-supported number of events did not vary widely (e.g. 3 vs. 4 events; Figs. S3,4).
Nonetheless, we inferred strikingly different results when applying the same priors endiffe
datasets (full-locus vs. exonic; Fig. S4; Table 4). After summarizing results abheoss, the

ddRAD data failed to converge across the 13 parameter combinations; as such we do not report
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these posterior estimates. Due to the uncertainty around some of our posterioegstisnaell
as the dependence of posterior estimate conversion on an accurate mutation datseve a
caution when interpreting our posterior estimates in years.

In the full-locus dataset, three demographic events received the highest posterior
probability (PP = 0.35; Fig. S4A). The analysis inferred two general clusters of eviiats, w
were consistent with one event shared by the northern populations (~80 kya), and one event
shared by the southern populations (~400 kya; Fig. 4C; S3). This result was consiateen bet
runs (Fig. S3). We also inferred a bimodal distribution for posterior estimates for nd&thern
catamitusandR. modestus/Ne report the median time estimate for each demographic event,
except in the case of bimodal distributions we report the median time of e&clapeshe
highest posterior density (HPD) interval of both peaks. Size changes were inferred for northern
R. catamitusat 88.0 kya and 410 kya (95% HPD =#,155 kya) R. modestuat 89.4 kya and
410 kya (27.%683.1 kya), and northelR. poecilonotust 66.2 kya (0.028204.2 kya). In
southern populations size changes were inferreR faatamitusat 408.5 kya (2954514.1 kya),
in R. modestuat 422.5 kya (338#528.5 kya), and iiR. poecilonotusit 422.5 kya (77#985.9
kya). When we repeated the analysis with the admixed individual assigned to begrsout
population, we observed a bimodal distribution for both northern and soiRhpagcilonotus
with more posterior probability placed on the younger event in the southern population, and a
marked shift toward the older event in the northern population (Fig. S5).

The analysis inferred expansion in all populations except southgroecilonotugTable

4). In all three species estimates of current effective population sizes eissechfar less
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uncertainty in the southern populations compared with the northern populations. In all cases the
magnitude of size change was much greater in southern compared to northern populations.

In the exonic dataset, four demographic events received the highest posterior probability
(PP =0.42; Fig. S4B). The analysis inferred three clusters of events, the mosthracshby
northernR. catamitug112.6 kya, 64.5104.8 kya) and northetR. poecilonotu$l119.7 kya,
84.5:140.8 kya), an older event in south&ncatamitug253.5 kya, 1904395.2 kya), and the
oldest group of events including northern and soutRemodestug387.3 kya, 3454429.6
kya) and southerR. poecilonotu$366.2 kya, 84.5704.2 kya; Fig. 4D). In the analysis with the
admixed individual assigned to the southern population, the northern population showed a
multimodal posterior distribution while the southern population exhibited little ch@wgja
Accessibility). We again inferred expansion in all populations, except solRh@oecilonotus
and the magnitude of change was greater in southern populations than northern populations,

except inR. poecilonotugTable 4).

Simulated datasets

Simulations revealed that in both datasets ecoevolity struggled to alycastiteate the
event times (Fig. S8). Between the two datasets, the full-locus data had a highergorgport
estimates for which the 95% credible interval contained the true pél&eCl), but the
difference was minor (0.847 vs. 0.835; Fig. S8). This pattern also held when compag(dthe
Cl) for each dataset between most population comparison®R(egtamitusiorth exonic and
full-locus; see Data Accessibility). When comparing the true number of eventsdstithated

number of events, in both datasets, ecoevolity tended to overestimate the number of events, but
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the proportion of estimates for which the 95% credible interval contained the true valughvas hi

in all three datasets (>0.90; Fig. S9). Finally, our simulated data estimagstrahgopulation

sizes close to the true values (Fig. S10). Although more variation is present in thneldetce
population estimates, the estimated values approximate the true values teradggaep(t D

Cl) = 0.823, 0.843, 0.833 for exonic, full-locus, and full-double respectively, giving us
confidence in the inferred directionality of size change (Fig. S10). We found that ingreasi
sample sizes made little if any difference on the accuracy and precision ofieeastimation

(Fig. S8). First, the full-double simulations did not outperform the full-locus simulationspand i
many population specific comparisons actually had a lower proportion of estimates for which the
95% credible interval contained the true value. Likewise, we compared accuracy of demographic
event time estimates for populations with larger and smaller population sizes anddbséyve
marginal differences. For example in the simulations based on the full-locus dRtasgamitus

south included 16 alleles ap@ B ClI) = 0.837, whileR. poecilonotusouth only included four

alleles ang(t B Cl) = 0.773. In the full-doubled simulatiorf?, catamitusouth had 32 alleles

andp(t B CI) = 0.833, compared witR. poecilonotusouth with eight alleles witp(t b CI) =

0.823 (Data Accessibility).

DISCUSSION

Demographic impacts of the Toba eruption on northern SumatrarRhacophorus
Our results support a measurable demographic effect on northern populations attributable

to the Toba eruption (Figs. 3,4,S4; Tables 3,4). Bathand ecoevolity supported size change
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models for the northern populations of all three species, howev&, tatamitusandR.
modestus/ D Lsupported weak contraction while ecoevolity supported weak expansion. This
conflict could simply be explained by differences in the analyses or programs, or low power in
our data to estimate size changes during specific windows of time. For exatoplelgy may
have more information about older events because more coalescent events havatsztumul
since the size change occurred, while having less accuracy to estimate thedeaafrihange
at more recent time scales. Alternatively, both/dit model and ecoevolity assumed a single
instantaneous size change event, which is clearly unrealistic considergcaptpkexity of the
geological history of the region.

From a biological perspective, this conflict could be explained by the occerméheo
size change events in these species, one at the time of the southern populatioone3péns
400 kya, and the other occurring around the time of the Toba eruption ~80 kya (Fig. 2), thus
resulting in the analysis detecting only a weak size change signal (the moresvecgnt
overriding the signal of the older event).Rnpoecilonotusve inferred minor contraction using
/ D Land minor expansion using ecoevolity but did not recover the bimodal distribution of the
other two species in ecoevolity (Fig. 2), although when we reassigned the admixed ihdividua
from northern to southern, both populations exhibited weak bimodal distributions with more
posterior probability placed on the older size change event (Fig. S5). Non-congruent responses to
Pleistocene events betwencatamitusandR. modestuandR. poecilonotusnay also be partly
explained by their differing evolutionary histori@q &RQQH#@Il., 2018a), or reflect yet

unidentified differences in biological traits (Papadopoulou & Knowles, 2016; Zamualio et
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2016), perhaps driven by local adaptation to different parts of Sumatra in the early stages of
divergence (Losos & Ricklefs, 2009).

Although our data does not allow us to directly assess the impact of the Toba eruption on
local extinction, past studies have shown that the eruption probably resultedextii@etions
(Louys 2007; Louys & Meijaard, 2010), and studies on the impacts of Holocene eruptions
observed high survivorship and rapid recolonization in small-bodied animals, including
amphibians (Burt, 1961; Carson et al., 1990; Crisafulli et al., 2015). Alternatively, our data
concord well with past studies supporting a bottleneck that reduced local geneasitydive
(Ambrose, 1996; Rampino & Ambrose, 2000; Rampino & Self, 1993a, 1993b; Nater et al., 2011,
2017). Several studies, including this one, have attributed shifts in effective population s
pulses in diversification to the Toba eruption (Louys et al., 2004; Nater et al., 2011; 2017).
Nonetheless, Toba was only one of many eruptions on Sumatra during the Quarternary that
impacted diversification and demography of resident taxa (Oppenheimer, 2002), and the increase
of genomic sequence data for Sumatran taxa may unlock opportunities to test thefeffects

multiple eruptions on diversification.

Demographic impacts of forest expansion

As expected, we inferred that southern populations exhibited higher rates of genetic
diversity than northern populations (Figs. 2;S3). We expect that as more islanthmdde
genome-wide) datasets are generated, disparities between the genedity dieorthern and
southern populations will be commonly identified. Although we expected to find these

differences in genetic diversity, we did not expect to recover a strong signal of size chiduage i
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three southern populations much earlier than the Toba eruption (~400 kya; $H#Hsa#d no
demographic signal of the Toba eruption in these southern populations (Fig. 4). Thigaalls in
guestion studies that posit global as compared to local effects of the Toba erupipantisg

the findings of Oppenheimer (2002) and others (i.e. Yost et al., 2018). We even found that this
earlier size change event may have also impacted noRheatamitusandR. modestugandR.
poecilonotudepending on the assignment of the admixed individual).

We hypothesize that two processes could have driven this older size change e¥ent. Firs
many other eruptions occurred during the Pliocene across Sumatra and in west Java that could
have driven demographic shifts in these populations (Global Volcanism Program, 2013).
However, northern populations would likely not show a signal of size change at this older event
if it was driven primarily by an eruption in southern Sumatra or west Java, as moptesxam
the genetic consequences of eruptions posit localized effects (Carson et al., 1990tBxown
2000; Gubitz et al., 2005; Bloor et al., 2008).

The second hypothesis we propose is that montane forest expansion during glasial cycle
every 100 kya. As montane forests expanded down-slope during glacial periods (Newsome &
Flenley, 1988Stuijts et al., 1984, 198&annon, 2012), montane-forest species could disperse
between previously isolated mountains, and likely saw increases in effective jpopsitzds.

Further, our SDMs supported expansiorRbiicophoruglistributions during glacial cycles (Fig.
1B), which closely matched the montane forest distributions modelled by Cannon et al. (2009).
In particular, we propose that the glacial period between+480kya (Fig. 3B) precipitated a

large size change event as montane forests expanded down-slope (Fig. 1B). Thissks/sot
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broadly supported by the 95% HPD of demographic size change for southern populations across

both datasets (~3@600 kya).

Future directions

Our study highlights the difficulties of unravelling diversification histories in a region

subjected to complex historical processes (Lohman et al., 2011; Frantz et all, 4% et al.,

2020). One limitation of current models is that they are restricted to testilygsfaiple

demographic histories (Oaks et al., 2019c; Terhorst & Song, 2015), which approximate
diversification processes of taxa subjected to complex events such as glaembcyelpeated
volcanic events (Lohman et al., 2011). For example, we inferred bimodal distributions it severa
populations, suggesting either: (1) low support for two demographic events, (2) that our data had
little power to distinguish the timing of events in these populations, or (3) these populations
experienced two population size changes in the past, and because ecoevolity only models one
HYHQW WKH SRVWHULRU LV uVvVSOUarE kdki 24-é@daikPunderstand how these

classes of simple models perform in geologically complex regions.

Future studies could also further investigate the effects of different datagetgldation
genomic analyses. For example, using our subsampling approach, we found consistent estimates
of population genetic parameters for the two target capture and ddRADseq datasets (Fig. S3).
Yet it remains unclear why our ddRADseq dataset failed to converge in ecoevolity, lgspscia
this program was developed using RADseq sequence data (Oaks et al. 2019a,c). Future studies
could use simulations to further compare target capture and ddRADseq datasets foilopopulati

genomic analyses and identify if differences in demographic inference results ealud to
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higher information content of the target capture loci or due to the types of SNPs generated from
protein-coding genes and random ddRADseq-derived SNPs. See the Supporting Information for
more discussion on this subject.

Finally, we inferred large differences between the full-locus and exonic datasets in
posterior estimates in ecoevolity (Fig. S4) and in some cases between population genetic
parameter estimates (Fig. S3). Simulations in pycoevolity of both datasets suggested tha
differences observed between estimates from the empirical datasets were ondatitfesshces
in the number of sites or missing data patterns, but rather may be due to differences in signal
from the sampled character patterns. These signals could also be driven by biologisal fac
such as differential selection on exons compared with flanking regions, or data collection
patterns such as paralogy and acquisition biases. Further work could use simulation orlempirica
approaches to investigate how these different data types perform under various evolutionary

scenarios such as demographic events occurring at recent or ancient tisie scale
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Table 1: Summary statistics of target capture datasets for each species. diiomeare as follows: Total bp = length of
alignment, Seqs/aln = the number of individual samples included in the alignmentsi#tgreishe percent missing data for
each alignment, Loci/SNP = the number of loci with a variant site for that species.

Total Mean Total Lociw/
Species Dataset bp # Loci Seqgs/aln Length (bp) % missing SNPs SNP  SNPs/locus
catamitus Full-locus 250616 740 10.75 338.7 25.5 2935 600 4.89
Exonic 440024 944 11.25 466 14.25 1836 488 3.76
modestus Full-locus 241721 691 7.9 349.8 15 2261 530 4.27
Exonic 440024 944 8.1 466 12.7 2336 494 4.73
poecilonotus | Full-locus 326419 711 5.95 459 27 2237 532 4.20
Exonic 440024 943 6.95 466.5 15.3 1533 466 3.29

Table 2: Population-level summary statistics for each species and dAtasetviations are as follows: MeanN/locus = average
number of samples in the alignment for a given locus, Private/N = The number of privatedilieled by the average number
of individuals per alignment to correct for sampling bias in private allele estimatiarly %Ehe percent of sites in a locus that
are polymorphic. Values of the following represent mean values across the 500 runs: Ho = observed hétendeygos
expected heterozygosity, Obs Hom = observed homozyg@sityucleotide diversity.

MeanN/ Private Private

Variant

Species Assembly Pop ID locus  alleles N #SNPs sites %Poly Ho He Obs Hom E
catamitus Full-locus  south 7.6 342 45 583 63.6 0.13 0.15 0.87 0.17
north 3 143 48 580 29.9 0.1 0.1 0.9 0.12

Exonic south 7.8 324 41.4 483 719 0.11 0.15 0.88 0.17

north 3.2 103 31.8 477 257 0.08 0.08 0.92 0.1

RAD south 8 2915 366.6 4594 4594 66 0.07 0.12 0.93 0.14

north 7.9 1050 132.8 4594 4594 254 0.06 0.07 0.94 0.08

modestus Full-locus  south 5.8 354 61.2 518 709 0.17 0.18 0.83 0.21



14
15
16
17
18
19
20

poecilonotus

Exonic

RAD

Full-locus

Exonic

RAD

north 1.9
south 5.9
north 2
south 4
north 34
central 1.2
north 4.5
central 1.7
north 51
south 5.2
north 7.4

56
377
48
622
163
110
286
136
230
415
286

29.7
63.7
24.1
155.2
48.5
88.3
63.2
81.1
45.2
79.4
38.4

524
494
494
1008
1008
526
532
465
466
798
798

513
480
480

1008

1008
496
501
444
444
798
798

13.9
78.3
11.7
66.8
21.2
34.4
68
45.6
65.7
62.9
46.7

0.07
0.19
0.06
0.12
0.03
0.26
0.17
0.23
17
0.1
0.1

0.06
0.19
0.05
0.20
0.07
0.16
0.18
0.19
0.17
0.12
0.13

0.93
0.81
0.94
0.87
0.97
0.74
0.83
0.77
0.83
0.9
0.89

0.08
0.22
0.06
0.23
0.09
0.29
0.21
0.29
0.20
0.14
0.17
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Table 3:6XPPDU\ RI GHPRJUDSKLF PRGHOLQJ FRQE&ARAIeE:ANDQ sites refers to the number of alleles and sites

included after downscaling, where alleles = twice the number of individu@l&C refers to the change in AIC value of the best

size change model compared to the best model without size change and is only repoftadeacbepopulation pair as both
populations were included in the same model. NUA = scaled population size before rsjeasrent, NuB = scaled population

size after size change event. + signifies population expansion,mgigeifies contraction.

Species Assembly Pop ID Alleles Sites a AlC NuA NuB Exp/Contr?
catamitus Full-locus south 10 306 7.64 0.42 2.57 +
north 6 111 + 2.75 0.39 +
Exonic south 14 320 115 0.12 3.4 +
north 6 92 + 5.19 0.54 +
RAD south 14 2277 109.4 0.26 2.02 +
north 14 1000 + 0.43 0.34 +
modestus  Full-locus south 10 344 335 0.5 4.83 +
north 4 71 * 5.68 0.2 *
Exonic south 12 348 13.34 0.52 8.09 +
north 4 55 + 0.57 0.25 +
RAD south 6 598 24.98 0.44 2.94 +



21
22
23
24
25
26
27
28
29
30

poecilonotus Full-locus

Exonic

RAD

north
central
north
central
north
south
north

196
152
201
173
290
450
329

o+ + 1+ O

w

4

2.52 0.1
8.9 0.36
0.06 1.11
21.22 0.53
0.66 12.62
8.78 0.6
0.4 1.86

37

+ H+ + B+ O+

Table 4: Summary statistics from ecoevolity (Oaks 2019a) analysis estingatipgral clustering of demographic events.
Parameters are scaled by the mutation rate of 1.42 sulititutions per site per year, estimated for the frog desputepelis
(Allio et al., 2017), and assume a one year generation time. Population sizes, includgigahritescendent, and magnitude of
expansion, are shown in the thousands of individuals. Negative expansion values represemnbic@vieats. Scaled event
times show the median values of the posterior distribution, except in the case of rRrtbatamitusandR. modestus/hich
exhibited bimodal distributions; we report the median value of the first peak for both specisscding peak, shown in Figs.
4,S4 is synchronous with the southern populations. Mag. of exp. = magnitude of expansion in thousands of indigdaués. Ne

values represent contraction events.

Scaled Scaled
Alignment #Events Pop Scaled event 95% HDP ancestral descendent
Species Assembly length > PP PP ID time (kya) (kya) size 95% HDP size 95% HDP Mag. of exp.
catamitus Full-locus 250616 3 0.35 south  408.5 295.8514.1 774.6 697.2t774.6  2,535.20 2,042.33,309.9 1,795.80
north 88 1.741,408.5 676.1 514.%774.6 1,197.70 704.2:3,521.1 288.70
Exonic 440024 4 0.42 south 2535 190.1#395.2 443.7 408.5471.8 2,535.20 1,619.23,736.4 2,091.50
north 112.6 64.5140.8 295.8 260.6:316.9 1,542.30 528.2:3,450.7 1,246.50
modestus Full-locus 241721 3 0.35 south 4225 338.6528.2 535.20 493t577.5 2,746.50 2,112.%3,662 2,284.70
north  89.4 27.5t683.1 253.5 119.7331 985.90 373.26359.2 809.90
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3,521.15,985.9

1,126.83,873.2

176.1#563.4

690.1422.5

105.6:366.2

2,464.87,746.5

4,232.40

2,028.20

-1,470.90

739.50

-803.50

4,352.10
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FIGURE CAPTIONS
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Figure 1: Maps of study region outlining alternative diversification hypotheses. A) Map of south
and southeast Asia showing the distribution of recovered ash-fall deposits (grey circles) from the
final Toba eruption ~74 kya (adapted from Oppenheimer, 2002), which was the world’s largest
Quaternary explosive eruption. The eruption site of Toba is shown by the red triangle in northern
Sumatra. The four landmasses of the Sunda Shelf are also labelled. B) Hypothesized montane
forest cover for present day based on species distribution modelling (SDM) of montane forest
restricted parachuting frogs (Genus Rhacophorus). Present day distributions approximate
distributions during Pleistocene interglacial periods. C) Hypothesized montane forest cover at the
last glacial maxima (LGM), suggesting that montane forest habitat occupied a greater proportion
of the Sumatran highlands during Pleistocene glacial periods than during interglacials.
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R. catamitus
n =12, 2006 SNPs

R. modestus
n=28, 2114 SNPs

Figure 2: Sampling for the target capture datasets used in this study. The number of SNPs listed
reflects the full-locus datasets (see main text). Maps demonstrate the geographic location of each
sample, and are accompanied by ancestry proportions estimated in ADMIXTURE v.1.3.0
(Alexander et al., 2009). Individuals from northern populations are coloured purple, southern
populations are coloured orange. Maps and ancestry proportion plots correspond to A) R.
catamitus, B) R. modestus, and C) R. poecilonotus.
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Figure 3: Proportion of private alleles for the full-locus dataset estimated using the Populations
module of STACKS v.2.4 (Catchen et al., 2013). Southern populations (coloured orange) exhibit
higher levels of genetic diversity than northern populations (coloured purple), consistent with a
historical reduction in effective population size in the northern population.



bioRxiv preprint doi: https://doi.org/10.1101/843664; this version posted March 18, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

62
63

64
65
66
67
68
69
70
71
72
73
74
75
76
77

78
79
80
81
82
83
84
85
86
87
88
89

aCC-BY-NC-ND 4.0 International license.

41

A

fj':"'[.‘p
R.catamitus o "
they,
o,
rthe, Y
R.modestus 5 &
Sougy,
erp
“”‘”’-‘rw
R.poecilonotus .

S
Uty

B Toba eruption Montane forest
50 - contraction (interglacial)

0

-50 4

Sea level (m)

-100 H

Montane forest expansion (glacial)
T T

0 200 kya 400 kya 600 kya

Figure 4: Temporal clustering of demographic events as inferred by ecoevolity v.0.3.2{Oaks
al., 2019a) for the full-locus dataset. A) Posterior distributions of estimateogdaphic event
times for the six populations estimated using the full-locus dataset. ama@s units of

expected substitutions per site and were converted to years by dividing by thiemrata of

1.42 x 1@ substitutions per site per year (see main text). The three northern populations are
clustered close to present day, with an estimated demographic eveattiBiekya. Southern
populations are clustered ~400 kya. B) Estimates of global sea levelsdadapteSarr et al.,
(2019) demonstrating timing of glacial cycles. During glacial periodsesetslwere low, and
global temperatures were cooler, thus promoting montane forest expansion. Altrnédineg
interglacial periods, sea levels were higher and global temperatures werer waating to
refugial montane forests. The red line shows the timing of the Toba eruption ~74okyadhat
time in A and B moves from 600 kya on the right, to present day on the left.

Supporting Information

INTRODUCTION

A note on taxonomy of Rhacophoridae

Jiang et al., (2019) used 972 bp of mitochondrial sequence from 55 species and morphological

data from the literature to revise the taxonomy of the gBmasophorusin their paper they
used phylogenetic analyses of the mitochondrial data to infer three well-supported cthohes wi

RhacophoruZKLFK KDG EHHQ UHFRYHUHG LQ SDVW VWXGLHV HJ 2&RQQHOO HW DO

divided Rhacophorusnto three genera, applying the naRigacophorus s.$o the group of

species encompassing most Sundaland taxa (including most of the Sumatran and Jasn speci

The clade that includes most of the taxa from Borneo (as will eéganopunctatusom across
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Sundaland including on Sumatr#f)ey assigned to the generic naoeptomantisEven though
Leptomantisvas synonymized witRhacophorus s.by Harvey et al., (2002) because it was
non-monophyletic with respect Rhilautusand the characters used to define it applied to

members oRhacophorus.s Finally, the clade including mostly East Asian taxa Jiang et al.,

(2019) assigned to the new gedsngixalus Although several past studies have consistently
recovered these three clades, the study by Jiang et al., (2019) contains a number of shortcomings
that should be rectified before their new taxonomy is adopted.

First, they failed to sample all available sequences on Genbank (at leathé&8rae of
21&RQQHOO HW DO E LQVWHDG RQO\ LQFOXGLQJ RIWKH VSHFLHV GHVFULEHG IU
(amphibiaweb.org). Incomplete taxon sampling is known to influence phylogenetic estimation
(Zwickl & Hillis, 2002), and this may have serious implications when revising whole genera
based on limited sampling. For example, the study failed to include any sequeRces of
cyanopunctatusalthough sequences from multiple landmasses are available on Genbank and
were sampled by past studiétJ 29&RQQHOOHW DO DE ,Q DGGLWLRQ ZLWK WKH DYDLOI
DQ DEXQGDQFH RI QXFOHDU GDWD RQ *HQEDQN HJ &KDQ HW DO 21&RQQHOO HW D
seems inappropriate to only sample mitochondrial data, particularly when assigning clades to
genera. The primary issue for our study is that some taxa from Sumatra have been placed in the
phylogeny in different locations in different studies. For example, Jiang et al., (2019) placed the
R. achantharrhenalade as part afhangixaluswith strong support, which was also recovered
by Li et al., (2012) using only mitochondrial DNA. Chan et al., (2018) recovered a similar
WRSRORJ\ XVLQJ QXFOHDU DQG PLWRFKRQGULDO '1$ ZKHUHDV 21&RQQHOO HW DO |
and mitochondrial data to place tReachantharrhenalade as sister to both the clade referred
to asLeptomantisand that referred to @hangixalus Jiang et al. (2019) admit that the
placement of th&®. achantharrhenalade remains uncertain, but assign these species to their
new genus, even though they do exhibit any of the characters used to define the new genus (see
Discussion of Jiang et al. 2019). Finally, Chen et al. (2020) does resolve the relationships of
these three clades using genomic sequence data, but because their study was focused more on
familial relationships, their sampling withRhacophorus.l. was limited. For example, their
only representative dfeptomantisvasR. cyanopunctatysvhich was lacking from the Jiang et
al. (2019) study. Due to the uncertainty of placing some of the Sumatran species in the revised
taxonomic arrangement, we advocate for not adopting this new taxonomy until more
comprehensive phylogenetic sampling is undertaken, specimens are examined to benfirm t
characters for each clade (they only used characters from the literature), and perhaps the
phylogeny is better resolved using phylogenomic analyses rather than a few mitochondrial and
nuclear genes.

MATERIALS AND METHODS
Transcriptomic data generation and analysis

Two species oRhacophorusvere chosen for transcriptome sequenciignodestus
(MVZ 272194) from Sumatra, ari@. monticolaJAM 14420) from Sulawesi (see Data

Accessibility for museum information). These species were chosen todalgast one species
from each of the two primary clades witiihacophorus2&RQQH£@l., 2018b). Whole RNA
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was extracted from liver samples flash frozen in RNA-later. RNA was queahtiiing the

Agilent 2100 Bioanalyzer (Aligent Technologies, Santa Clara, CA, USA) with an &hpAkit.
Extracted RNA for each sample was sent to the Brigham Young University DNArgatge
Center (dnasc.byu.edu) for library preparation and sequencing on a single lane of theellumina
HiSeq 2500.

Raw reads were cleaned ahelnovaassembled into contigs using TRINITY v.2.1.1
(Grabherr et al., 2011) under default settings. We identified orthologous exons betwmen the
species following Yang and Smith (2014). Briefly, putative coding regi@me wlentified with
TransDecoder v.2.10 (Haas et al., 2013) usind\idweorana parkergenome. Redundant reads
were removed with cd-hit-est v.4.64 (Li & Godzik, 2006). Bastn v.ZAltschul et al., 1990)
was used to remove contigs from each individual that were not present in both aldividu
Markov clustering was performed using MCL v.1.30 (Enright et al., 2002), which clusters
sequences based on the fraction and number of blast hits. A phylogenetic tnefemed for
each homolog, and finally, the data were filtered to 1-to-1 orthologs and aligimedMAFFT
v.7.302 (Katoh et al., 2002). We identified 2828 orthologous transcripts and used these to design
target loci for capture.

Target capture probe design

Target sequences were designed using a custom pipeline (See Data Aitgessimin
text). We used blasn v.2.7.1 (Altschul et al., 1990) to blast sequences from MVZ 272194 against
JAM 1420 to identify portions of sequence alignments without ambiguous sites or gaps. We
retained only completely overlapping regions, then trimmed sequenitesfist 1000 bp using
fastx_trimmer v.0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). We retained alignmémnts wi
GC content between 400 percent, sequence divergence betweadh percent, and sequence
length between 431000 bp. We used RepeatMasker v.4.09 (Smit et al., 2013) to remove any
transcripts with repetitive content. Probes with high or low GC, or that are tagelivdrom the
target species can perform poorly during hybridization (Bi et al., 2012; Bragg et al., 2016; Portik
et al., 2016). Probes for the target sequences were synthesized by myBaits® (Arbor Bigscienc
Ann Arbor, MI) using 120 bp probes with 2x tiling. The final probe set resulted in 19,950 baits
targeting 955 transcript markers from each of the two species.

Genomic library preparation

Genomic DNA was extracted from liver and muscle tissue stored in @4 Buffer
from 69 individuals (Table Sl) using a standard salt-extraction method (Sambrooks&IRus
2001) followed by an additional cleanup with Sera-Mag Speedbeads (Rohland & Reich, 2012).
Concentrations were checked on a QUBIT® 2.0 Fluorometer (Life Technologies, Grand Island,
NY, USA), and size distributions were checked on a 1% Agarose gel usingdf DNA. We
fragmented 306800 ng of DNA per sample using Zof NEB dsDNA Fragmentase (New
England Biolabs, Ipswich, MA) for 225 minutes at 3T and prepared genomic libraries using
the Kapa Hyper Prep Kit (Kapa Biosystems, Wilmington, MA) using halPD@XIDFWXUHTV
recommended reaction volumes. For our first three library groups (all specieskexcept
modestusR. poecilonotusandR. achantharrheng we did not size select between adapter
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178 ligations and PCR amplification. We conducted two PCR reactions8cdimplification cycles
179 under the following conditions: & for 45 sec; Z8 cycles of & for 30 sec, annealing

180 temperature of <& for 30 sec, <& for 30 sec, final extension of «& for 1 min, and final rest
181 at <& We pooled individuals into three capture groups® individuals. Because the size
182 distribution of these three libraries was very wide, we decided to sizé @@lgemaining

183 libraries using the Blue Pippin electrophoresis platform (Sage Science, BevArNJ3A) for
184 fragments between 45050 bp. Thus, with the remaining 8 capture groups, we poaléd 5
185 individuals following adapter ligation, size selected the pool, then PCR &dpiibols in 46
186 reactions of 8 cycles. We checked the distribution of each pooled library group ogildre A
187 2100 Bioanalyzer.

188

189 Hybridization reactions

190

191 Starting with 1 J of DNA from each pooled library group, we followed Portik et al.,

192 (2016) to utilize two variations of blocking oligos, including the myBaits® seg@gilocking

193 oligos, as well as IDT xGen blocking oligos (Integrated DNA Technologies). When bsing t
194 xGen blockers, we added 2.b6of the B1, 1 Oof the B2, and 2 Qof the xGen blockers. We

195 incubated hybridization reactions for 24 hours atlx3%Ve amplified hybridized DNA in three
196 reactions of 14 PCR cycles, with the exception of the three groups that were ndesieel se
197 (Table S1) which we amplified for 336 cycles in three reactions because initial concentrations
198 at 14 cycles were too low. We confirmed the distribution of each capturereactthe Agilent
199 2100 Bioanalyzer, and quantified total library concentration using the QUBIT\Fiwal

200 pooled capture libraries into two sequencing groups (Table S1) which were sequeneed on t
201 lanes of (150 bp PE; lane 1 was shared with another project, see TableH&ll)lomina X10
202 at Medgenome (medgenome.com).

203
204 Genomic data processing
205 We demultiplexed barcoded samples using FASTX barcode splitter v.0.0.13

206 (http://hannonlab.cshl.edu/fastx_toolkitAnd conducted remaining data processing using the
207  Python pipeline SECAPR v.1.14 (Andermann et al., 2018), which is an extension of the Phyluce

208 pipeline (Faircloth, 2015). Our SECAPR workflow included the following steps: (1) weetlea
209 raw reads using TRIMMOMATIC v.0.36 (Bolger et al., 2014), hard trimming the first 10 bp and
210 last 13 bp from each read to remove adapter sequence, and setting tharaiieters as:

211 simpleClipThreshold = 5, palindromeClipThreshold = 20, and seedMismatch = 5. Gkedhe

212 the quality of each sample using FastQC, and only proceeded after aksqagpted QC tests.

213 (2) We assembled cleaned reads into contigs using TRINITY v.2.1.1 (Grabherr et al., 2011). We
214 updated SECAPR to v.1.15 and separated our target loci by spgecrasdestuandR.

215 monticolg but after finding little difference between the two references, weRisetbdestus

216 target sequence for all subsequent analyses. (3) We matched assemtigsda the target

217 sequences for each of the three focal species separately with min-cové@gain-identity =

218 60, and used the keep-duplicates and keep-paralogs flags. We aligned theedectar&ers for

219 each species using MAFFT v.7.407 (Katoh et al., 2002). (4) We conducted reference based
220 assembly using the reference_assembly script for each species by mapplegrad reads to

221 the species-specific reference (reference type = alignment consens\#. {based alleles
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(phase_alleles, min coverage 6x per allele) and again aligned using MA& &Tn{ and allow
ambiguous). We further filtered by removing sequences with more than 80% naiataraf a
locus and trimmed using GBLOCKS v.0.91b (-b2=.1 -b3=8 -b4=10 -b5=a -t=d; Castresana,
2000). We then removed trimmed sequences shorter than 50 bp, and sequences with more than
45% missing data. We refer to this data setl X&QRFXW scripts used in filtering are
available online (see Data Availability).

In order to optimize our alignments at the phylogenetic level (across the genus)and als
to evaluate the utility of exonic sequence for population genomic analysgsnesated a
second data set that we refer to aguHERQLE&ta set. Rather than assembling reads then
matching the assembled contigs to a reference sequence, we mappecdhedrrelads directly
to our target sequences, then phased, aligned, and filtered these alignrdestsibed above.

Details on ecoevolity parameter variations

We applied a Dirichlet process with a concentration parameter values fixed at 2.62 on the
event model prior (estimate = false), which corresponds to at least half the prior prpbaiyibt
placed on 3.5 demographic events, although we also tested prior values of 12 (5 events) and 20
(5.3 events). We applied an exponential distribution to the event time prior with a rate of 1000
(corresponding to a mutation-rate converted value in years of ~500 Kya), but also tested values
of 6000 (~95 Kya), 800 (800 kya), 500 (~1.4 Ma), and 100 (~5.6 Ma). Under global comparison
settings, we set genotypes = haploid, and set constant sites removed = false, and egtiahpopula
sizes = false. For the prior on the current population size, we used a theta = 0.004 (dalculate
from the full-locus data set from each species) to place a prior value of 0.001 with a gamma
distribution (shape = 3.5, scale = 0.001). We visualized our prior distributions using
(https://github.com/ivanprates/2018_Anolis_EcolEvol/tree/master/scriptsiyimmshat the
gamma distribution encompassed our starting value. For the root relative population size, we
XVHG RMIL UHVXOWWgIysopulation-specific exponential distributions. On the northern
populations oR. catamitusandR. modestus/e applied an exponential distribution with a mean
= 2, suggesting that the ancestral population was twice as large as the current population
(contraction scenario), and on the southern populations applied an exponential distribution with a
mean = 0.5, such that the current population is twice the size of the ancestral population
(expansion). IrR. poecilonotusve applied the inverse parameters. In all cases we allowed the
parameter to be estimated. We also tested the inverse of these size pribthédr wnsitivity
on analyses but observed no differences in posterior estimates.

RESULTS
Target capture efficiency at the generic level

We filtered out samples that captured fewer than 20% of loci (<190 loci), leaving 45
samples for downstream analyses (Table S1). Our filtered sampling included seven nominal
species from across tiRhacophorughylogeny includindr. achantharrhenén = 3; mean loci
captured in exonic data set = 59R),bengkuluensié = 1; 917 loci)R. nigropalmatugn = 1,

898 loci),R. reinwardtii(n = 1; 877 loci) R. catamitugn = 13; 878 loci)R. modestug = 15;
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266 887 loci),R. poecilonotugn = 10; 819 loci), and one species from a closely related genus,

267 Feihyla kajau(n = 1; 699 loci). Generally, our probe set worked well across the genus and with
268 the outgroup sample, recovering 950/951 target loci across a minimum of three samples. To
269 illustrate, we recovered an average of 887 loci £86D) forR. modestuthe species from which
270 transcriptome-based probes were designed, while the outGraapauretained 699 loci across
271 a 0D GLYHUJHQFH 21&RQQHOOHW DO E

272

273 Phylogenetic results

274

275 Our ML phylogeny of all sgeLHV PDWFKHG FORVHO\ ZLWK WKDW RI 2 &RQQHOO HW D(

276 based on multi-locus Sanger sequence data (Fig. S2). We infreraethiantharrhenas sister to

277 all other Sumatran and JavRhacophorusWe recoveredR. nigropalmatuss sister tdr.

278 reinwardtii, and these two species were sister to the clade that included the focal Bumatra

279 species. Within the focal Sumatrelade, we inferredR. bengkuluensisom Java as sister ®.

280 catamitus and these species were sisteRtanodestuandR. poecilonotusOnly the node

281 beweerR. nigropalmatuandR. reinwardtiihad less than 100% bootstrap support.

282

283 Discussion

284

285 Comparing target capture and ddRADseq data for population genomic studies

286

287 Studies comparing target-capture data to ddRADseq data for phylogenomic inference
288 generally find that the two data types perform similarly for estimating phylogenies, although
289 performance may differ at nodes of various depths (Leaché et al., 2015; Collins & Hrbek, 2015;
290 Harvey et al., 2016; Manthey et al., 2016). Yet few studies have evaluated possible differences
291 between data types for studying population level processes. A number of factors may affect
292 population genomic analyses such as parameter estimates and demographic modelling,

293 particularly those that depend on the allele frequency spectrum (Harvey et al., 2016). In

294  particular, levels of missing data and information content per locus (Collins & Hrbek, 2015) may
295 affect both model selection and parameter estimation, but this has not been wdikeguanti

296 direct side-by-side studies. Because our sampling was not matched at the indevielul is

297 difficult to parse out the possible reasons for observed discrepancies between datasets across
298 analyses. By taking a resampling approach for genetic diversity parameter estimébesdve

299 that the three datasets inferred similar parameter estimates, except inreadewvith the

300 smallest sample sizes which may have been subject to the most betweenvsaiaipa (Fig.

301 S3). Nonetheless, we were unable to take a similar approach with the modellingsa@algise

302  with both/ DL DQG HFRHYROLW\ LW UHPDLQV XQFOHDU zZzK\ WKH WDUJHW FDSWXUH DQG |
303 performed differently. Ultimately, we attribute differences to the higher information content of
304 the target capture loci, but it also may be due to the types of SNPs generated from pratgin-codi
305 genes and random ddRADseq-derived SNPs. Future studies could use simulations to further
306 compare target capture and ddRAD datasets for population genomic analyses.

307

308

309
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373 Figure S2: Phylogeny of consensus sequences for all samples from the captuneeexpleait

374 passed filtering generated using RAXML v.8.2.11 with 100 rapid bootstrap iterations. Yhe onl
375 node with bootstrap support <100 was the node bet®ReeginwardtiiandR. nigropalmatus

376 Analysis is based on 944 loci from the exonic dataset, and recovers phylogenetic hgtetions
377 matching past studies (e2fil& RQQHDAl. 2018b; Chen et al., 2020).
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Figure S3: Estimates of nucleotide divers{@between northern and southern populations for
each species and each of the three datasets after controlling foe sarepdiscrepancies by
resampling (see main text). Northern populations are coloured purple, southern populations are
coloured orange. Results show general consistencies between datasets uspljgesand in

all cases the southern populations have higher genetic diversity than northern popebetepis

in R. poecilonotusidRADseq.
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385
386 Fig. S4: Temporal clustering of demographic events as inferred by ecoevolity v.0.3.2 showing

387 estimates for the number of events, as well as a comparison of the tineventd when

388 estimated using the full-locus and exonic datasets. A,B) Posterior (dark grgyjantight

389 gray) probability for the number of demographic events, with the Bayes Factor aboweteaich
390 bars, shown for the A) full-locus dataset, B) exonic dataset. C-D) Postetidyudiens of

391 estimated demographic event times for C) full-locus dataset, D) exoagetlalimes are in

392 units of expected substitutions per site and were converted to years by dividirgroytation
393 rate of 1.42 x 1@substitutions per site per year. The red line shows the timing of the Toba
394  eruption.

395

396
397

398 Fig. S5: Temporal clustering of demographic events as inferred by ecoevolity v.0.3.2 fdir the fu
399 locus dataset after reassigning the admRegdoecilonotusndividual from northern to southern.
400 The change drives tHe. poecilonotusorthern posterior event times closer to the older

401 demographic event, but with a bimodal distribution split between the twosevdr analysis

402 also infers a bimodal distribution for the southBrrpoecilonotusvith more of the posterior

403 placed on the recent event. This suggests that although admixed, this indigities more

404 signal of the Toba eruption indicative of the northern population.

405
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406
407 Figure S6: Examples of outputs for the full-locus dataset from ecoevolity esiamgt

408 alternative parameter combinations. Plots show the effect of the prior conitentration

409 parameter on the prior and posterior support for the number of demographic events, but not the
410 posterior distribution of event times. The number of events above each figufeesithe mean

411 prior probability on that number of events, while the event time is the mutatecaaverted

412 rate of the exponential distribution on the event time prior.
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413

414

415 Figure S7: Examples of outputs for the exonic dataset from ecoevolity whag tstrnative
416 parameter combinations. Plots show the effect of the prior on the concentration pacamniké
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prior and posterior support for the number of demographic events, but not the posterior
distribution of event times. The number of events above each figure signifisedmeprior
probability on that number of events, while the event time is the mutatiooaaverted rate of
the exponential distribution on the event time prior.
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Figure S8: The accuracy and precision of estimates of demographic everttrtiomats of
expected substitutions per site). Here we compare data simulated to matahpoical data for
numbers of individuals, locus number, locus length, and patterns of missing dateeadthin
locus. We also simulate one dataset with double the number of individuals taubdgestand
the effect of sample size on posterior estimates (full-doubled). The full-locus kdduhle
datasets are on the top row, while the exonic dataset is on the bottom rbwpldited circle
and error bars represent the posterior mean and the 95% credible interval dsdtmatich
the potential scale reduction factor was greater thanrd4gting poor convergence/mixing)
are highlighted in orange. Each plot contains 1,800 estimates (300 simulateates@ach with
six time estimates). Each plot shows the root-mean-square error (RIM&E)e proportion of
estimates for which the 95% credible interval contained the true ¥dp{eb CI). Plots were
generated usingS\FRHYROWLW/?[4.
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Figure S9: The performance of ecoevolity to estimate the true number of evegtdata
simulated to match our empirical data, as well as one simulate@atdstwice as many
samples. Each plot shows the results of the analyses of 300 simulated e@@eliewith six
demographic event estimates. The number of datasets that fall withillthefche true verses
estimated model is shown, and cells with more data have darker shadingtifihéessare based
on the model with the maximuenposterioriprobability (MAP). For each plot, the proportion of
datasets for which the MAP model matched the true model is shown in thdefpband

corner, and the median posterior probability of the correct model across altsleab®wn in
the upper right-hand corner. The proportion of estimates for which the 95% credibld interva
contained the true value is shown in the bottom right corner. Plots were generated using
MS\FRHYROLW/Z 4.
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451

452  Figure S10: The accuracy and precision of effective population size estimatacestral

453 populations (left column) and descendent populations (right column). The full-locus tataset
454 the top row, exonic in the middle, and full-doubled on the bottom row. Each plottedanict|
455  error bars represent the posterior mean and the 95% credible interval. ESomatash the
456 potential scale reduction factor was greater thaniddzc@ting poor convergence/mixingje
457 highlighted in orange. Each plot contains 1,800 estimates (300 simulatestslatash with six
458 effective population size estimates). Each plot shows the root-mean-sgoaf®@MSE) and the
459 proportion of estimates for which the 95% credible interval contained the truet@iit® ClI).
460 Plots were generated usip§\FRHYROL/Y4.
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