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Abstract

Insights from conservation genomics have dramatically improved recovery plans for numerous endangered species. How-
ever, most taxa have yet to benefit from the full application of genomic technologies. The mountain yellow-legged frog
species complex, Rana muscosa and Rana sierrae, inhabits the Sierra Nevada mountains and Transverse/Peninsular Ranges
of California and Nevada. Both species have declined precipitously throughout their historical distributions. Conservation
management plans outline extensive ongoing recovery efforts but are still based on the genetic structure determined pri-
marily using a single mitochondrial sequence. Our study used two different sequencing strategies — amplicon sequencing
and exome capture — to refine our understanding of the population genetics of these imperiled amphibians. We used buccal
swabs, museum tissue samples, and archived skin swabs to genotype frog populations across their range. Using the amplicon
sequencing and exome capture datasets separately and combined, we document five major genetic clusters. Notably, we found
evidence supporting previous species boundaries within Kings Canyon National Park with some exceptions at individual
sites. Though we see evidence of genetic clustering, especially in the R. muscosa clade, we also found evidence of some
admixture across cluster boundaries in the R. sierrae clade, suggesting a stepping-stone model of population structure. We
also find that the southern R. muscosa cluster had large runs of homozygosity and the lowest overall heterozygosity of any
of the clusters, consistent with previous reports of marked declines in this area. Overall, our results clarify management
unit designations across the range of an endangered species and highlight the importance of sampling the entire range of a
species, even when collecting genome-scale data.
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Introduction

High throughput sequencing has dramatically transformed
the field of conservation genetics. However, there are still
practical constraints for many taxa, such as amphibians,
for which there is limited genomic sampling and which
typically have large, complex genomes (McCartney-
Melstad and Shaffer 2015; Shaffer et al. 2015; Weisrock
et al. 2018). Additionally, financial limitations inherent
to conservation-based research often necessitate tradeofts
when choosing management and research priorities (Max-
well et al. 2015). Therefore, researchers have often turned
to reduced sequencing approaches that balance financial
investment with the amount of data needed for the ques-
tions at hand (Allendorf et al. 2010; Supple and Shapiro
2018; Meek and Larson 2019). But how well do these
reduced datasets capture the true genetic patterns across
a landscape? This question remains largely untested, as
studies of many species of conservation concern still rely
on just a few mitochondrial gene sequences to inform
management.

Delineating management units for a species of conser-
vation concern is a critical first step when deciding which
populations to prioritize and how and where animals
could be moved on a landscape to repopulate or supple-
ment existing populations (Moritz 1994). Moving animals
across divergent genetic boundaries runs the risk of out-
breeding depression, or reduced fitness caused by genetic
incompatibilities and/or disruption of local adaptation
(Lynch 1991; Frankham et al. 2011). However, human-
assisted gene flow may be a useful strategy to quickly
introduce genetic variation into a population to augment
individual fitness — a process called genetic rescue (Ing-
varsson 2001; Whiteley et al. 2015). Therefore, manage-
ment actions relying on a foundational understanding of
genetic groupings and investment in the genomics method
that provides sufficient data is vital when identifying or
updating management units. This is especially true for pro-
tected species for which conservation units often become
codified in management plans.

The mountain yellow-legged frog species complex
(Rana muscosa, Rana sierrae) provides a prime exam-
ple of an endangered amphibian with ongoing recovery
efforts that would benefit from increased genomic resolu-
tion. R. muscosa/sierrae were once abundant in montane
aquatic communities of California and adjacent Nevada
(Grinnell and Storer 1924; Stebbins 1985) but since the
mid-twentieth century, have precipitously declined due to
invasive fish (Bradford et al. 1993; Knapp and Matthews
2000; Vredenburg 2004; Knapp 2005; Knapp et al. 2007),
the recently-emerged fungal pathogen Batrachochytrium
dendrobatidis (Bd) (Rachowicz et al. 2006; Vredenburg
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et al. 2010), and wildfire associated flooding and debris
flows (Backlin et al. 2013; Chambert et al. 2022). Given
the loss of these species from >90% of their historical
range generally and over 98% in southern California spe-
cifically, there is an intensive focus on recovering frog
populations using reintroductions (Briggs et al. 2005;
Knapp et al. 2011; Backlin et al. 2013; Joseph and Knapp
2018; Rothstein et al. 2020; Hammond et al. 2021). Mod-
elling indicates a need to greatly increase reintroduction
experiments to stave off potential extirpation within south-
ern California (Chambert et al. 2022). Many of these con-
servation actions have used genetics to decide which donor
populations to use in recovery actions (e.g., Schoville et al.
2011).

The existing genetic framework for R. muscosa/sierrae is
based on a single mitochondrial marker that described the
major genetic management units across the species complex
(Vredenburg et al. 2007). Recent frog population genetic
work in Yosemite National Park, Sequoia and Kings-Can-
yon National Parks, and in southern California have shown
that—when many nuclear genetic markers are used in tan-
dem with higher spatial resolution from sampling many pop-
ulations — these species contain high levels of spatial genetic
structure (Schoville et al. 2011; Poorten et al. 2017; Roth-
stein et al. 2020). Moreover, genetic breaks inferred with
multi-locus nuclear data are not always the same as those
evident in mitochondrial trees. Therefore, an updated genetic
framework for this species complex is critical for manag-
ing population and species recovery across the landscape.
Additionally, genome scale data could provide invaluable
insights into the levels of genetic diversity and inbreeding
in each population and further inform conservation actions
such as translocations and captive breeding efforts.

For protected amphibian species, like R. muscosa/sier-
rae, there are some challenges to obtaining genome-wide
data. The protected status of these species’ limits collect-
ing high-quality DNA sources (e.g. tissue samples). To
address these limitations, our study used two approaches
to collect genomic data: amplicon sequencing and exome
capture sequencing. First, we used a microfluidic ampli-
con sequencing approach that was developed to success-
fully genotype DNA of low quality and quantity from skin
swab samples (Poorten et al. 2017). Next, we sequenced a
smaller set of existing tissue and buccal swab samples from
across the range of this species complex using an exome
capture approach. Exome capture sequencing allowed us to
compare tens of thousands of genetic variants distributed
across the coding regions of the genome, adding greater
genomic resolution to our analyses. We assessed patterns
of genetic structure and admixture among frog populations
and explored patterns of genetic diversity among major con-
servation units. Our goal was to provide an extensive snap-
shot of genetic variation for the R. muscosa/sierrae species
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complex while comparing the utility of amplicon and exome
capture sequencing methodologies to create a framework to
inform conservation management decisions.

Materials and methods
Sampling and DNA extraction

For the exome capture assay, we compiled 96 samples,
including 36 Rana muscosa, 58 Rana sierrae, and two Rana
aurora samples used as an outgroup for downstream analy-
ses: 54 were buccal swabs, and 42 were tissues. The Rana
sierrae/muscosa samples represent 31 separate populations.
Of the 42 tissue samples, 24 were sourced from UC Berkeley
Museum of Vertebrate Zoology and California Academy of
Natural Sciences archived frozen tissue collections, some
representing extirpated populations. Buccal swab sample
collection was authorized by research permits provided by
NPS, USFWS, CDFW. To extract DNA from these samples
we used Qiagen DNeasy Blood & Tissue kits following the
manufacturer’s protocol.

For the amplicon sequencing assay, we used a readily
available and minimally invasive source of DNA—archived
skin swabs previously collected for Bd surveillance, which
provided wide geographic sampling coverage. Unfortunately,
skin swab extractions typically yield very little DNA, there-
fore they cannot be used with the exome capture approach
which requires higher quality DNA samples. Samples were
originally collected with a standardized approach, in which
each individual frog was swabbed 30 times on the ventral
skin surface. We compiled an initial set of 373 archived skin
swab samples from 276 lake basins across the range of R.
muscosa/sierrae. Lake basins, which represent frog “popula-
tions” in this system, are typically comprised of a series of
interconnected lakes and streams. We sampled both named
species Rana muscosa (n=46) and Rana sierrae (n=327).
Additionally, we incorporated a subset of skin swab sam-
ples from previously published studies from Yosemite
National Park (n=21) (Poorten et al. 2017) and Sequoia
and Kings-Canyon National Parks (n=32) (Rothstein et al.
2020). DNA was extracted from swab samples using Prep-
Man Ultra Reagent and Qiagen DNeasy kits according to
manufacturer’s protocol. Due to PCR inhibitors present in
skin swab extracts, we used an isopropanol precipitation to
purify DNA extracts. From this purified sample we used 1 pl
of DNA per extract in amplicon preparation and sequencing.

Amplicon sample preparation and sequencing
We used 50 amplicon markers (400—600 bp in length) previ-

ously developed for Rana muscosa/sierrae and implemented
a microfluidic PCR approach to recover nuclear amplicons

(Poorten et al. 2017). We used Fluidigm Access Array and
Juno microfluidic PCR platforms because they allow high
throughput amplification to produce PCR products used in
library preparation and sequencing. Because skin swabs typ-
ically have low quantities of DNA, we implemented a pre-
amplification step based on manufacturer’s protocols (Fluid-
igm, South San Francisco, CA, USA). We used forward and
reverse primers without tagged barcodes in an initial PCR
step which increased success for downstream amplification
of target amplicons. Following initial PCR, we applied an
ExoSAP-IT treatment that removed PCR inhibitors (e.g.
excess primers and unincorporated nucleases) and used a 1:5
dilution in nuclease-free water. Pre-amplified products were
used in [llumina library preparation to include a barcoded
tag of each amplicon and each sample. Illumina libraries
were run on a MiSeq with 2 X300 bp paired-end reads at
the University of Idaho IBEST Genomics Resources Core,
similar to Poorten et al. (2017) and Rothstein et al. (2020).

Exome capture design and sequencing

To compare the conclusions reached using the amplicon
sequencing approach (required for our swab DNA samples)
to an approach with higher genomic resolution, we designed
an exome capture assay for Rana muscosa/sierrae. First, we
sequenced the transcriptome using ventral, dorsal, liver, and
spleen tissues from one individual R. muscosa. We extracted
RNA using a Qiagen RNeasy extraction kit following manu-
facturers recommendations. All RNA extracts were assessed
for integrity using a 2100 Agilent Bioanalyzer and had RIN
values > 7. RNA extracts were sent to the QB3 Vincent J.
Coates Genomics Sequencing Laboratory at UC Berkeley
for standard RNAseq library preparation and paired-end
2% 100 bp sequencing on 2/3 lane of an Illumina HiSeq
4000. Raw reads were cleaned following Bi et al. (2012)
and Singhal (2013) and reads were assembled using Trinity
(Grabherr et al. 2011).

Following sequencing we designed a custom Nimblegen
SeqCap capture probe set as follows: The longest transcript
per gene was selected and annotated against three available
annotated genomes from related organisms (Nanorana park-
eri, Xenopus tropicalis, and Anolis carolinensis) using blastx
(Altschul et al. 1997) and Exonerate (Slater and Birney
2005). The Rana muscosa genome used in downstream anal-
yses (NCBI GenBank assembly GCA_029206835.1, Hon
et al. 2020) was not yet available during the capture design
phase of this project. Fragmented transcripts that matched
similar reference proteins were joined by Ns according to
their blast hit positions. Resulting transcripts were combined
to remove redundancies via CD-HIT-EST (Li and Godzik
2006) and CAP3 (Huang and Madan 1999). We defined
coding sequences (cds) of each annotated transcript using
Exonerate and specified these regions in a.bed file format.
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Pipelines used for transcriptome data processing and annota-
tion are available at https://github.com/CGRL-QB3-UCBer
keley/MarkerDevelopmentPopGen. Final fasta sequences
and bed coordinates were used for tiling cds regions for
Nimblegen SeqCap EZ Developer Library (Roche Nim-
blegen Inc.). Probes were allowed up to 20 matches to the
combined Nanorana parkeri, Xenopus tropicalis, and Ano-
lis carolinensis reference genomes. The resulting probe set
covered 99.72% of annotated transcripts with a total target
size of 31.4 Mb across 14,508 targets.

We used this custom exome capture assay to sequence
94 R. muscosa/sierrae samples collected throughout the
range of the species complex, and two Rana aurora samples.
Extracted genomic DNA was sonicated with the qSonica
QB800R and libraries were prepared using a Kapa Hyper
Prep kit (Roche) incorporating uniquely dual indexes. The
libraries were split between two capture pools, one for buc-
cal swab DNA and the other for tissue, and 50 ng of each
library was added to its respective pool based on a Qubit
High Sensitivity assay (Invitrogen). Due to the large genome
size of these frogs (10.2 Gb), we used additional input librar-
ies (2100 ng for the tissue pool and 2800 ng for the buccal
DNA pool), additional blocking oligos for adapters (10 and
15 puL Roche Universal Blocking Oligo respectively), and
additional blockers for repetitive elements (for both cap-
tures 5 uL. each Mouse Cotl, Human Cotl, and Chicken
Hyblock + 15 pL. Roche Developer Reagent) as compared
with the published Nimblegen protocol. The two pools
were then hybridized with the capture probe sets for 72 h at
47 °C. After the full hybridization and bead capture process,
they were amplified with 9 cycles of enrichment PCR. Both
capture pools were proportionately combined and run on a
NovaSeq 6000 150PE Flow Cell S1 at the Vincent J. Coates
Genomics Sequencing Lab at UC Berkeley, yielding 1092 M
clusters of raw data.

Variant calling and filtering for exome capture data
analysis

All raw reads for exome capture samples were filtered using
fastp (Chen et al. 2018) and aligned to the Rana muscosa
genome (NCBI GenBank assembly GCA_029206835.1,
Hon et al. 2020) with repetitive elements masked using bwa
(“mem” mode) (Li 2013). Variants were called using free-
bayes v1.3.5 (Garrison and Marth 2012). Targets for variant
calling were defined as the regions in the assembled tran-
scriptome and minimum coverage was set to 5. We then
filtered variants using vcftools and the following condi-
tions: —remove-indels —maf 0.03 —max-missing 1.0 —-minQ
30 —min-meanDP 5 —-max-meanDP 200 —-minDP 5 -maxDP
200. We further trimmed the SNPs for some downstream
analyses using the bcftools prune function to prune out SNPs
in linkage disequilibrium (LD) (r>>0.6 in a 10 kb window)
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(Danecek et al. 2021). Additionally, we excluded samples
with >20% missing data and downsampled to include a
maximum of three individuals per exact sampling locality.
After filtering, our final exome capture dataset included 52
individuals and 20,840 SNPs.

Variant calling and filtering for amplicon data
analysis

From raw sequence reads with primer sequences removed,
we used the dbcAmplicons software (https://github.com/
msettles/dbc Amplicons) to trim adapters sequences. Paired-
end reads were merged and extended across the length of tar-
get amplicons using flash2 (Mago¢ and Salzberg 2011). We
de-multiplexed sequences using reduce_amplicons.R script
from the dbcAmplicons repository into raw.fastq for each
sample. Fastq files included all sequences for each sample
and were used for alignment, variant calling, and population
genetic analyses.

We used bwa (“mem” mode) to align reads to target
amplicon regions and created BAM files for each individual
(Li 2013). From resulting BAM files, we filtered by read
depth for each amplicon by sample and required an >5
reads per amplicon to pass filtering. All reads from ampli-
cons that passed this depth filter were subsequently included
in a new.bam file for each individual. Using filtered BAM
files, we applied bcftools to call and output only variant sites
for our unfiltered variant call file (VCF) (Li 2011; Danecek
et al. 2021). We limited calls to only those within refer-
ence sequences for all 50 amplicons. From our raw VCF,
we filtered variant sites using standard filtering parameters
using vcftools (removed alignment mapping quality less than
30, supported base quality less than 20, include sites with
MAF >0.02, exclude sites with 55% or more missing, and
removed indels). Finally we removed individual samples
that had more than 5% missing data using vcftools (Danecek
et al. 2011), resulting in a final set of 74 individuals (60
Rana sierrae, 14 Rana muscosa) and 212 SNPs that passed
our filtering steps.

Combining exome capture and amplicon data

To create a sample set with the most comprehensive geo-
graphic coverage, we combined the data from the amplicon
and exome capture samples. To do this we used blastn to
locate the genomic coordinates corresponding to the location
of the 50 amplicon sequences in the reference genome (Alts-
chul et al. 1997). We then used bedtools intersect to extract
the genome-aligned exome capture reads from the area
where the amplicons mapped to, plus an additional 500 bp
on each end (Quinlan and Hall 2010). We converted the
extracted bams to fastq files using picard (v.2.9.0) SamTo-
Fastq and aligned these extracted reads to a fasta containing


https://github.com/CGRL-QB3-UCBerkeley/MarkerDevelopmentPopGen
https://github.com/CGRL-QB3-UCBerkeley/MarkerDevelopmentPopGen
https://github.com/msettles/dbcAmplicons
https://github.com/msettles/dbcAmplicons

Conservation Genetics

reference amplicon sequences using bwa (Li and Durbin
2009; Broad Institute 2019). We then jointly called geno-
types using the combined set of 74 amplicon samples and
52 exome capture samples with freebayes (v1.1.0-56) (Gar-
rison and Marth 2012). We stipulated a minimum depth of 3
and stringent quality filters (flag -0) during variant calling.
We excluded individuals with more than 50% missing data
across raw SNPs then further filtered the variants using the
following parameters: —maf 0.01 —max-missing 0.5 -minQ
30. This combined set of variants included 172 binary SNPs
across 44 amplicons and 106 individuals (81 Rana sierrae,
25 Rana muscosa).

Genetic distance and clustering

Using our filtered VCFs, we conducted each analysis on
either all datasets (amplicon, exome, combined) or a subset
of the three datasets, depending on our specific questions
and the required genomic resolution for each test. First,
we inferred population genetic structure for the amplicon
(N'="74 individuals, 212 SNPs), the exome capture (N =52
individuals, 20,840 SNPs), and the combined amplicon and
exome capture data (N =106 individuals, 172 SNPs). We
used discriminant analysis of principal components (DAPC)
to find de novo genetic clusters in all three datasets. DAPC
was implemented in the R package adegenet (v.2.1.5) (Jom-
bart 2008). To assess the number of groupings we used the
“find.clusters” function to approximate the ideal number of
clusters among our samples. Briefly, “find.clusters” uses
a k-means approach to find a given number of groups and
maximize the variation between groups while simultane-
ously transforming data to retain principal components. To
identify groups, the “find.clusters” function used increas-
ing values of k (1-10). We identified the ideal number of
clusters by looking for the place on the BIC chart where a
flattening of criterion scores occurred (sometimes referred
to as the “elbow” of the curve) (Jombart 2008). We then ran
the function “optim.a.score” to find the optimal number of
principal components (PCs) to use in the DAPC to avoid
overfitting the data. We used 3 PCs in the exome capture
analysis, 6 PCs in the amplicon only analysis, and 7 PCs
in the combined analysis. Finally, we plotted each group
assignment on a PCA calculated from the genetic data using
the “glPca” function in adegenet and additionally plotted
these clusters on a map using the R package maps showing
original sampling location (Brownrigg 2018).

We also compared the amount of genetic differentiation
across space and between inferred clusters. We assessed pat-
terns of isolation by distance by comparing genetic distance
(Hamming’s distance) to geographic distance (km) for the
amplicon and exome capture data and calculated pairwise
Fst between clusters using the hierfstat R package (Goudet
2005). Finally, for the exome capture dataset we used an

AMOVA to test for the proportion of variance explained by
major clusters and lake basins for our samples using ade4
(Excoffier et al. 1992; Thioulouse et al. 2018). We tested for
statistical significance using a permutation test with 1000
replicates.

To further understand genetic clustering and patterns
of relatedness between individuals we created a maximum
likelihood phylogeny for the exome capture data. First, we
converted vcf to sequence using the custom python script
vef2phylip (https://github.com/edgardomortiz/vcf2phylip/
blob/master/vcf2phylip.py) and used RAxML to build a
consensus maximum likelihood tree from 100 bootstrap
replicates using rapid bootstrapping and search for the best-
scoring tree (Stamatakis 2014). For this analysis we included
two outgroup samples from the closely related Rana aurora
to root the tree.

Spatial and non-spatial genetic structure using
ConStruct

Because our data had a strong signature of isolation by dis-
tance (IBD), we used the R package ConStruct (Bradburd
et al. 2018) to evaluate population genetic structure and
admixture in the exome and amplicon datasets. ConStruct
builds a model to account for IBD-driven decay in related-
ness and only draws on spatial clustering when needed to
explain membership in a group beyond IBD. We ran Con-
struct on the 52 exome capture samples using a set of SNPs
that were filtered and pruned for LD (as described above)
and trimmed to have no missing data. Because of the sensi-
tivity of ConStruct to missing data, for the amplicon dataset
we filtered out individuals that had more than 5 missing
SNPs (filtered dataset contained a total of 50 individuals).
We ran cross-validation for ConStruct to compare across
values of K and between spatial and non-spatial models.
We ran the model 8 times for each number of clusters (K),
from K=1 to K=8, with a chain length of 20,000 for each of
the replicate runs. For the amplicon data we used a training
proportion of 0.6 and for the exome capture data we used a
training proportion of 0.9.

Runs of homozygosity (ROH) and individual
heterozygosity for exome capture data

We leveraged our high density SNP data from the exome
capture to quantify runs of homozygosity (ROH) in each of
our identified clusters using the R package RZooRoH (Ber-
trand et al. 2019). This model-based method partitions the
genome into ROH segments of varying age classes to pro-
vide insights into the history of inbreeding and bottlenecks
in each population. Because of recombination during breed-
ing events, the size of each ROH region is inversely related
to the number of generations during which the regions can
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trace a common ancestor. Both inbreeding and population
bottlenecks can increase the proportion of the genome clas-
sified as an ROH region (both in terms of number of individ-
ual regions and the sum of the size of all regions combined).
We built a model with 10 R, classes (2, 4, 8, 16, 32, 64, 128,
256, 512, 512) and used our SNP data that was not pruned
for LD as input. The larger the R,, the smaller the ROH
region, therefore smaller R, values are associate with larger,
more recently created ROH. Since the R, is approximately
equal to two times the number of generations since the com-
mon ancestor of that class (Bertrand et al. 2019), our range
of 10 classes captures ROH regions created between one and
256 generations ago. We then ran this model and evaluated
the proportion of the genome in each of the classes, exclud-
ing the largest class which captured very small ROH regions
that are less relevant to the recent history of the populations.
We then calculated the number of ROH regions (NROH)
and the sum of all ROH regions (SROH) and plotted these
two values against each other. Finally, we also calculated
the proportion of heterozygous SNPs for every individual
using vcftools and plotted these values by genetic cluster.
While all other exome capture analyses used a set of 20,840
binary SNPs that were quality filtered, had no missing data
across all individuals, and were pruned for LD, for the ROH
analysis we used a set of SNPs that was not pruned for LD
(N=66,367). R code for ROH analysis was modified by R.
Gooley and AQB (to account for the yellow-legged frog
genome size and SNP density of dataset) from code written
by R. Gooley (and previously published in Coimbra et al.
2021). Resulting code can be found at: https://github.com/
allie128/rana-rangewide/blob/main/RZooRoH_analysis_
rana.rmd

Results
Exome capture data

Our range-wide set of exome capture samples could best be
described by five major genetic clusters (Fig. 1). Geographic
and genetic distances were strongly correlated for the exome
capture data (Mantel r=0.57, p<0.0004, Fig. 2a). The
Mantel correlation coefficient was positive and statistically
significant for comparisons within~ 100 km (Fig. 2b). The
Bayesian Information Criterion (BIC) for successive values
of K in the DAPC and the cross-validation results from the
spatial ConStruct model showed minimal model improve-
ment after K=5 (Fig. 3c,d; Figure Sla), indicating K=35
was the best fit for the data. The DAPC for the exome cap-
ture data used the first 3 PCs, 3 discriminant functions, and
accounted for 56.5% of the variance in the data. Plotting
these clusters on a PCA shows distinct groups with non-
overlapping 95% confidence ellipses (Fig. 1c). As shown
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on the map (Fig. 1b) and in the phylogeny (Fig. 1a), there
are three clusters within R. sierrae (here named “Northern
R. sierrae”, “East Yosemite R. sierrae”, and “Southern R.
sierrae’) and two clusters within R. muscosa (here named
“Northern R. muscosa” and “Southern R. muscosa’). Fst
is lowest between clusters within R. sierrae and highest
between the Southern and Northern R. muscosa clusters
and all other clusters (Fig. 3a). The AMOVA indicates that
47.1% of the variation in the exome capture data is explained
by the K=35 clusters (p<0.001), 22.5% of the variation is
explained at the population (= lake basin) level within clus-
ters (p <0.001), and 30.2% of the variation can be attrib-
uted to variation among individual samples (p<0.001)
(Figure S2).

The ConStruct analysis showed higher predictive accu-
racy for the spatial models rather than the non-spatial mod-
els for all values of K (Fig. 4c, d) as expected given the
signature of isolation by distance (IBD) in the data. The spa-
tial ConStruct model for K=2 highlights a more dramatic
shift in admixture patterns between the two species than
the non-spatial model, highlighting this important genetic
break (Fig. 4a, b). Both the spatial and non-spatial models
at K=35 show a pattern of gradual shifts in admixture within
R. sierrae versus distinct sub-populations within R. muscosa.
This pattern can also be seen in the phylogeny: the R. sier-
rae clade shows a pattern of stepwise branching and the R.
muscosa clade shows an initial main split (Fig. 1a).

Finally, to evaluate the genetic diversity of each popula-
tion we quantified runs of homozygosity (ROH) and calcu-
lated the proportion of heterozygous SNPs for each indi-
vidual. Here, we found an unusually high proportion of the
genome classified as smaller ROH regions in the R, class
of 64—128 for all three individuals from the Independence
population (Southern R. sierrae cluster; Fig. 3c). A R, class
can be thought of as a bin containing ROH regions of a cer-
tain length. We can approximate the age of the regions in
generations as the R divided by two (Bertrand et al. 2019),
or between 32 and 64 generations ago. By comparing the
sum of all the ROH regions (in Mb) to the number of unique
ROH regions, we see that these three individuals are outliers
along both axes (Fig. 3d). Similarly, the Southern R. mus-
cosa cluster has fewer, larger ROH regions than the rest of
the clusters (Fig. 3c,d). Many of these regions fall within the
R, classes of 8 and 16, indicating these regions were created
between four and eight generations ago. The Southern R.
muscosa samples had the lowest proportion of heterozygous
SNPs, while the East Yosemite R. sierrae cluster had the
highest proportion of heterozygous SNPs. All other clusters
were intermediate and not significantly different from each
other (Fig. 3b).
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Fig. 1 Phylogeny and PCA biplot from exome capture data show
five genetic clusters for Rana muscosa and Rana sierrae. a Phylog-
eny showing 52 Rana muscosa/sierrae exome capture samples, with
two Rana aurora exome capture samples as outgroups. Tree calcu-
lated from 20,861 SNPs with RAxML. Node color represents boot-
strap support from 100 replicates. Sample names are colored as in

Amplicon data

For our amplicon sequence dataset, after stringent filter-
ing that excluded samples with more than five missing
SNPs, we included a total of 74 out of the original 373
skin swab samples we attempted to sequence. While this
final dataset included only 19.8% of the original samples,
it still included samples from every part of the range of the
species complex (Figure S3). Site level filtering yielded
212 binary SNPs across 44 nuclear amplicon markers.

PCA and map. b Map of sampling locations for 52 Rana muscosa/
sierrae exome capture samples. ¢ PCA calculated from 20,840 SNPs.
Colors represent groupings assigned using DAPC with K=5. Clus-
ter abbreviations are as follows: S RAMU Southern Rana muscosa, N
RAMU Northern Rana muscosa, S RASISouthern Rana sierrae, EY
RASIEast Yosemite Rana sierrae, N RASINorthern Rana sierrae

Generally, there was a strong pattern of IBD (Mantel
r=0.32, p<0.0004) and the strongest correlation of
genetic and geographic distance occurred within ~ 50 km
(Fig. 2 c,d). Both Bayesian Information Criterion for
DAPC and cross-validation results from the spatial Con-
Struct model showed minimal model improvement after
K =5 (Figure S1b), indicating this was the best fit for the
data. PCA axes highlight a major split in the data along
PC1 (28.1% of variation in the data) that split samples
within Yosemite National Park. This split can be seen in
the results from the DAPC at K =2 which used the first 6
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Fig.2 Strong pattern of isolation by distance, especially within
100 km for Rana muscosa/sierrae. Plots showing pairwise genetic
distance (Hamming distance as calculated using the “bitwise.dist”
function in the R package poppr v.2.9.3) vs pairwise geographic dis-
tance in km for the (a) exome capture SNP dataset, and the (¢) ampli-

PCs, 4 discriminant functions, and conserved 63.9% of the
variance in the data (Figures S3c, d). For K=5 the DAPC
from the amplicon data showed additional splits along the
range. There is only one amplicon sample from the south-
ern disjunct range of R. muscosa that passed quality filters,
but notably this sample grouped with the southernmost
samples of R. muscosa in the Sierra Nevada.

Amplicon and exome capture combined data

By combining the amplicon and exome capture samples, we
created an intermediate dataset that had the advantage of
increased sample size (N=106) and geographic coverage.
This dataset had similar genetic resolution as the amplicon-
only dataset (N =176 binary SNPs across 44 amplicons).
We did not see evidence of a batch effect (i.e., samples clus-
tering by sequencing method) in the PCA or in the DAPC
clustering results (Fig. 5b). The BIC chart for the combined
dataset did not show a clear inflection point across succes-
sive values of K (Figure S1c), so we investigated the relevant
values of K highlighted for the separate datasets: K=2 to
explore the species boundary, and K=35 to evaluate for clus-
ters within species. We found that at K=2 the combined
dataset places the species boundary at the same place as the
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exome capture dataset, within Kings Canyon National Park
(Fig. 5a). Additionally, at K=5 the clusters identified in the
combined dataset largely match the K =5 cluster boundaries
in the exome capture data. For example, the same bounda-
ries were identified between the three R. sierrae clusters
in Yosemite National Park (Fig. 6a). Pairwise Fst largely
matched the results from the exome capture data, with the
largest distance between the Southern R. muscosa cluster
and all other populations, and smaller Fst values between
populations within the R. sierrae clade.

Discussion

In our study, we used two different sequencing and sampling
strategies for the Rana muscosalsierrae species complex and
compared population genetic results using each approach.
We also combined these two datasets to evaluate the influ-
ence of incomplete sampling versus limited genetic mark-
ers. For our amplicon sequencing approach, we leveraged
archived skin swab samples and genotyped using a custom
microfluidic PCR-based assay. We also used an exome cap-
ture sequencing approach with custom targets to genotype
tissues and buccal swabs from across the species complex
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Fig.3 Population differentiation and patterns of heterozygosity for
the five identified Rana muscosa/sierrae clusters. a Pairwise Fst
values and heatmap for each of the five clusters as identified using
DAPC. Calculated from 20,840 exome capture SNPs. b Violin plot
showing the proportion of heterozygous SNPs for each cluster. Sta-
tistically significant (p<0.05) comparisons between clusters using
a two-sided Wilcoxon rank sum test are shown with ***. ¢ Barchart
showing the proportion of the genome that is associated with runs
of homozygosity (ROH) regions of different sizes (as indicated by

range, resulting in ~ 100X more high-quality genetic variants
than the amplicon dataset. Each of these datasets has short-
comings: the amplicon data have very few SNPs and only
include a single sample from the southern disjunct range. In
contrast, the exome capture dataset has over 20,000 SNPs,
but has a sampling scheme that emphasizes repeat sampling
of the same populations rather than sampling all known
populations. Therefore, by combining the two and calling
SNPs only in the shared genomic regions present in both
datasets, we can ameliorate the issue of limited sampling to
see how that may have influenced the genetic clusters identi-
fied in the amplicon approach. Together, these datasets cre-
ate a relatively complete genomic picture for these imperiled
amphibians and allow the identification of key methodologi-
cal considerations for conservation genomic studies.

colors) for each of the five major clusters for Rana muscosa/sierrae.
Larger values for R, represent smaller ROH regions while smaller
values represent larger, and therefore more recently formed ROH
regions. Three samples collected from the Independence population
are denoted with a+. d Scatterplot showing the relationship of the
number of ROH regions on the y-axis vs the sum of the size of all
ROH regions on the x-axis. Symbols represent the five clusters identi-
fied using DAPC. Cluster abbreviations as in Fig. 1

Support for previous species boundaries
and shifting within-species genetic groups

Previous work identified six phylogenetic groupings in R.
muscosalsierrae and named a species level split based on
mitochondrial, morphometric, and acoustic data (Vreden-
burg et al. 2007). Our work — with vastly increased num-
bers of genetic markers using multiple methods — largely
reflects the original boundaries of the R. muscosa/sierrae
species split and suggests only minor changes to the origi-
nally identified clusters. Our amplicon data, which included
more samples across many different locations, indicated that
the largest genetic split occurred between samples collected
from Yosemite National Park (Figure S3C). However, results
from the exome capture data align more with previous stud-
ies, showing the major species split within populations in
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Fig.4 Spatial admixture models show clear species boundaries and
some admixture within species. For the exome capture dataset, results
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indicate where the DAPC clusters separate samples for K=1 to K=5,

Kings Canyon (Fig. 1b). Using the combined dataset, we
see genetic clusters that match those found in the exome
capture analyses (Figs. 5,6), adding some additional geo-
graphic resolution to the cluster boundaries because of the
increased sample size.

We confirm that the boundary between R. sierrae and
R. muscosa lies between the south and middle forks of the
Kings River in Kings Canyon National Park (Fig. 5). While
this boundary may be similar to the location previously
identified using only mitochondrial sequence data across
the whole species complex (Vredenburg et al. 2007), there
are differences at the local scale. For example, a sample from
the Muro Blanco Basin (see * on Fig. 5a) was assigned to R.
muscosa in the Vredenburg et al. (2007) study, but here is
grouped with the southernmost clade of R. sierrae. Unfor-
tunately, our sampling does not include many samples at the
northernmost reach of the South Fork of the Kings River,
where R. muscosa was previously documented (Vredenburg
et al. 2007). Therefore, we conclude that at a gross level the
major species boundary should remain unchanged, but that
better sampling at the border of these two species (along
the South Fork of the Kings River) may serve to further
clarify this boundary. In contrast to the original study by
Vredenburg et al. (2007), we found that the southern R.
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with the solid line separating the two species and the dashed lines
separating clusters within species. ¢ Cross-validation results for spa-
tial (blue) and non-spatial (green) models for K=1 to K=8. d Spatial
cross-validation results from (c) plotted using a more optimal y-axis
range. Cluster abbreviations as in Fig. 1

muscosa population is better represented by two clusters
rather than three. Our data show one cluster restricted to
the southern disjunct range (Transverse/Peninsular Ranges
in southern California) and the other cluster extending from
the southernmost populations in the Sierra Nevada north
to just below the South Fork of the Kings River (Fig. 1b,
Fig. 5). Fst values indicate that these clusters are strongly
differentiated (Fig. 3a, S4) and differ significantly in average
heterozygosity (Fig. 3b). This agrees with previous studies
documenting significant genetic breaks between these two
geographically distant clades (Schoville et al. 2011).

We inferred three genetic clusters within R. sierrae
and found that the borders among all three can be found
within Yosemite National Park. The newly identified East
Yosemite clade includes samples from the headwaters of
the Tuolumne and Merced rivers on the eastern side of the
park (Figs. 1b, 6). The border between the Tuolumne River
watershed and the Merced River watershed roughly sepa-
rates the Southern and Northern R. sierrae clades, with a few
exceptions (Fig. 6a). Yosemite may be the site of multiple
genetic breaks because of barriers formed during Pleistocene
glaciations (Swenson and Howard 2005) and subsequent
post-glacial dispersal. Indeed, similar genetic patterns have
been observed in the Yosemite Toad (Anaxyrus canorus),
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suggesting multiple Sierra Nevada amphibians species were
influenced by similar forces across the landscape (Maier
et al. 2019). However, admixture is likely occurring between
R. sierrae clusters as there is significant geographic overlap
between clusters in this area (Fig. 6a). Adding evidence in
support of admixture, in R. sierrae the phylogeny shows con-
tinual branching rather than reciprocal monophyly between
clades, implying a stepping-stone pattern of relatedness
(Fig. 1a). Importantly, the two amplicon samples located
within the borders of the East Yosemite cluster but assigned
to the Norhernn R. sierrae clade have ~50% missing data,
which could add uncertainty to their cluster assignment.
Therefore, neighboring lake basins may be more closely
related in this area regardless of inferred boundaries between
genetic groups.

Patterns of ROH and heterozygosity reveal low
genetic diversity in southern R. muscosa

Runs of homozygosity (ROH) in a genome form when
an individual inherits two identical copies of a chromo-
somal segment from its ancestors. When closely related

Sequoia and Kings Canyon National Parks with the South Fork of the
Kings River labeled. Arrows indicate direction of flow for each river.
Muro Blanco basin is highlighted with a *. b PCA with shapes and
colors as in map

individuals breed, many large ROH regions form in the
genome due to the combination of identical chromosome
copies. Therefore, signatures of ROH, both the size and the
number of ROH regions, can provide insights on possible
inbreeding and/or population bottlenecks (Ceballos et al.
2018; Bertrand et al. 2019). In our ROH analysis, we first
identified three outlier samples from the same population
— Independence — that belong to the Northern R. sierrae
clade. These three samples had an unusually high propor-
tion of their genome classified in the R, class of 64-128
(Fig. 3c,d), which corresponds to ROH regions created
approximately 32—64 generations ago. This population is
also interesting because it is the southernmost member of
the Northern R. sierrae clade and extends further south
and east than samples in the Southern R. sierrae clade
(Fig. 5). According to the ROH results, this population
may have gone through a strong bottleneck between 32
and 64 generations ago. This estimate roughly matches
the timing of trout introduction (~ 150 years ago) in this
area (Pister 2001), which caused a large bottleneck in the
R. sierrae population (Knapp and Matthews 2000). Trout
were subsequently eradicated from the site in the early
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fied with the DAPC using K=35 for a set of 172 binary SNPs. Insert

2000s as part of an effort to protect vulnerable frog popu-
lations. Our ROH analysis also found that the Southern R.
muscosa clade tended to have fewer, larger ROH regions
(Fig. 3c.,d) dating to ~4-8 generations ago, perhaps coin-
ciding with populations declines in that region (Backlin
et al. 2013). Additionally, the Southern R. muscosa sam-
ples have significantly lower heterozygosity than all other
clades (Fig. 3b), highlighting this clade as perhaps in need
of interventions to supplement dwindling genetic diversity
(Whiteley et al. 2015).

Updating management strategies to recognize new
genetic boundaries and low genetic diversity

Given observed patterns of IBD, there are some clear man-
agement actions suggested from our results. Our results
roughly agree with the original species boundary — with
some exceptions at individual sites along the boundary line
— but suggest modifications be made to genetic groups within
the designated species. We observed five distinct genetic
clusters with varying levels of admixture across cluster
boundaries suggesting a stepping-stone model of population
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shows a zoomed in representation of Yosemite National Park with the
Tuolumne River and Merced River labeled. Arrows indicate direction
of flow for each river. b PCA with shapes and colors as in map. Clus-
ter abbreviations as in Fig. 1

structure in R. sierrae and a more structured split into two
clades in R. muscosa. Therefore, species should continue to
be managed as separate groups and genetic clusters could
be used operationally as functional conservation units. In
cases of reintroductions, moving frogs within clusters may
be an appropriate management strategy to preserve historical
genetic structure. Such movements would also likely better
maintain any locally adapted alleles. In a separate study, we
found strong spatial structure of Bd in the Sierra Nevada
(Rothstein et al. 2021). Therefore, restricting movement of
frogs to only adjacent populations would also reduce mixing
of Bd genotypes, and minimize the chances of any unfore-
seeable consequences.

A conservative approach to maintaining historical genetic
structure may be appropriate in many cases as this maintains
the historical biogeographic signal. However, in certain parts
of the range, a more aggressive management strategy might
be warranted, from a genetics perspective. For instance,
high genetic distinctiveness and low genetic diversity in
the Southern R. muscosa clade could be a warning sign of
compromised genetic health of these populations (see also
Peek, O’Rourke, and Miller 2021). Southern populations
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of R. muscosa have experienced some of the worst declines
of the species complex (up to 98% of historical populations
lost) and have limited options for local donors to bolster pop-
ulations, which led to the development of a captive breed-
ing program (Backlin et al. 2013). Management options for
southern populations have always seemed limited because
previous results suggested no historical admixture between
southern frogs and the rest of the range, with three main
historic sub-populations defined in this southern area. (Scho-
ville et al. 2011).

Our study largely supports this finding; however, one of
the biggest barriers to recovery of these southern frogs is
the lack of suitable habitats for reintroduction experiments.
Where in situ mitigation has taken place (trout removal and
fish barrier installation) population recovery has been a suc-
cess (see Little Rock on Fig. 3 of Chambert et al. 2022),
but the recent drought has further reduced habitat suitability
across all sites. So, although our data suggest that there may
be an opportunity to use donor individuals from large, per-
sistent populations in Sequoia and Kings Canyon National
Parks to augment dwindling southern population genetic
diversity while maintaining historical population struc-
ture, this option might be limited in the current landscape.
Future investigations to assess whether translocation of frogs
between these two regions is justified. Outcomes of translo-
cation could be evaluated at the currently un-occupied site
where no frogs are established at Breckinridge Mountain,
which is between the northern and southern frogs. Further
there is reasonable variability within the southern frogs
(Fig. 1a) and interbreeding of these populations could be
tried at the un-occupied Palomar Mountain at the southern
edge of the range.

Comparing sequencing methods for conservation
genetic projects

Collecting genome-scale data for many individuals is
becoming increasingly affordable, allowing for impressive
genomic and spatial resolution for conservation genetic stud-
ies. By directly comparing multi-locus (i.e., microsatellites,
mtDNA), reduced representation (i.e., amplicon sequenc-
ing, RADseq), and genome-wide (i.e., exome capture,
whole genome resequencing) sequencing methods, we can
help integrate new sequencing data with previous studies
and better contextualize the relationship between sample
size, sampling design, and population genetic inferences.
Here we found somewhat different genetic clusters when
using amplicon-based SNP data versus exome-capture based
SNP data. Perhaps most notably, the K=2 boundary was
placed in Yosemite using amplicon data but further south
in Kings Canyon National Park with the exome capture data
(Fig. 1, Figure S3). To investigate this difference, we com-
bined these different data to create a dataset with similar

genetic resolution as the amplicon dataset, but with more
comprehensive sampling. Using the combined dataset, we
found cluster boundaries matching those obtained from the
exome capture dataset (Figs. 5, 6), adding confidence to our
conclusions made from the exome capture data and revealing
that incomplete sampling of the southern part of the range
(after filtering out samples), rather than the limited number
of SNPs, likely biased amplicon results.

In summary, for population genetic studies, boosting sam-
ple representation across populations may be the best strat-
egy if scientists need to choose between increased genomic
or geographic resolution. However, the opportunities for
addressing previously intractable questions using genome-
scale data are enormous and can satisfy needs to perform
population genetic structure analyses at the same time. In
this study, we used exome capture data for a focused set of
research questions and such data can be applied to many
more. For example, we leveraged our genome-wide SNPs
and a high-quality reference genome to evaluate patterns
of ROH in the genome, which would not have been pos-
sible with amplicon-based SNPs or an incomplete reference
genome. Studies are underway that use these data and other
whole exome sequences from these species to identify genes
associated with population persistence in the face of disease
for this endangered amphibian.

Conclusions

Creating a comprehensive genetic framework for conserva-
tion is crucial for declining species. Delineating historical
population genetic structure and diversity, especially when
current populations are vanishing, can guide and strengthen
species recovery efforts. Here, we gathered a comprehen-
sive set of samples from across the range of R. muscosa/
sierrae, taking advantage of archived skin swabs, museum
tissues, and buccal swabs, to investigate historical genetic
population structure and diversity. We also explored the
impacts that choice of sequencing technology and sampling
strategy can have on population genetic inferences, finding
that, when genetic markers are limited, sampling design is
critical for inferring number of clusters and delimiting their
boundaries. Using our robust set of ~20,000 exome capture
SNPs we identified key genetic units across the R. muscosa/
sierrae range. Our work provides a comprehensive frame-
work to guide ongoing conservation management. We found
that genetic clusters primarily exhibit a pattern of isolation
by distance and that clusters are somewhat permeable to
gene flow, especially for R. sierrae. Importantly, we found
that some clusters (southern R. muscosa) are more geneti-
cally isolated and less genetically diverse than others, a sig-
nature that may result from a recent history of population
declines. We also found evidence supporting the primary

@ Springer



Conservation Genetics

species-level split and better inform which clusters could
be used as donors to support recovery efforts in neighbor-
ing clusters, which may be necessary given the evidence of
inbreeding and low genetic diversity in clades such as the
southern R. muscosa group. Although genetic diversity is
very low in some populations, the fact that some populations
persist in the face of extreme bottlenecks (see Knapp et al.
2016) is evidence that these frogs can survive, even in the
absence of genetic rescue. Overall, our results create a more
explicit blueprint for framing management actions for an
imperiled species group and provide insights into the influ-
ence of genomic resolution and sampling design.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10592-023-01568-5.
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