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Abstract 

 

Managing disease-related amphibian declines using genomics 

 

by 

 

Andrew P. Rothstein 

 

Doctor of Philosophy in Environmental Science, Policy, and Management 

 

University of California, Berkeley 

 

Professor Erica Bree Rosenblum, Chair 

 

 

Rates of emerging infectious diseases are increasing globally. Impacts of emerging 

diseases on wildlife populations have been identified as major drivers to species declines and 

extinctions. Disease-related species loss has necessitated prioritizing mitigation and management 

in wild populations. In particular, amphibians have been disproportionately affected by the disease, 

chytridomycosis, caused by a fungal pathogen Batrachochytrium dendrobatidis (Bd). Decades of 

amphibian species being on the brink of extinction has accelerated the need to interrogate 

amphibian-Bd interactions. In this dissertation, I focus on an emblematic example of amphibian-

Bd dynamics. The mountain yellow-legged frog (Rana muscosa/sierrae), a high alpine species of 

the Sierra Nevada of California, have declined across more than 90% of their historical range with 

Bd being a major driver to their decline. While many populations have been lost, there are some 

remaining frog populations persisting even with Bd present. This devastating loss of a species 

juxtaposed to potential hope for recovery presents an excellent opportunity to investigate host-

pathogen dynamics as well as refining conservation strategies to bolster remaining populations. 

Thus, I explore this host-pathogen system by integrating a genomic perspective to both species 

and disease management. For Chapter 2, I focus on a region of the frog species range that is under 

intensive conservation efforts and used genetic samples from both extant and extirpated 

populations to inform management actions. In Chapter 3, I take a pathogen perspective and use 

similar genetic tools in a comparative approach to investigate underlying evolutionary histories of 

Bd in the Sierra Nevada of California and Central Panama. In Chapter 4, I expand our genomic 

efforts to the entire mountain yellow-legged frog species range to create an explicit framework for 

species recovery and management. Together, my work weaves topics of conservation genetics, 

disease ecology, and evolutionary biology to highlight the use of genomics for applied 

conservation and builds novel frameworks for addressing species declines in the face of persistent 

threats. 
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CHAPTER 1 INTRODUCTION 
 

Rates of emerging infectious diseases are increasing globally [1]. Impacts of emerging 

infectious disease on wildlife populations have been identified as major drivers to species declines 

forcing conservation efforts to prioritize mitigating disease [1–3]. However, active management 

of wildlife populations amidst ongoing epizootics can be challenging due to lack of existing 

knowledge and diagnostic resources. Therefore, triaging enigmatic declines requires a 

comprehensive investigation on processes influencing both host and infecting pathogen 

populations [4–7]. 

Amphibians have been dramatically affected by emerging infectious diseases. One of the 

most imperiled taxonomic group in the world, an estimated 30% of amphibian species are in 

decline due to persistent threats with disease being a primary driver in many cases [8–12]. 

Chytridiomycosis, the disease caused by the pathogen Batrachochytrium dendrobatidis (Bd), has 

been identified as significant threat to amphibian species worldwide [9,13–17]. Bd, predominantly 

an aquatic fungus of the chytridiomycota lineage, infects keratinized skin cells of amphibians. 

Subsequent infections become lethal if pathogen load reaches high intensity [18,19]. Rapidly 

infecting susceptible individuals, Bd can wipe out entire populations and, in some cases, extirpate 

species from the landscape [17,20,21]. Such dramatic declines require immediate on the ground 

conservation action to potentially recover species.  

My dissertation research focuses on an emblematic example of amphibian-Bd dynamics - 

the precipitous decline of mountain yellow-legged frog species (Rana muscosa/sierrae). Rana 

muscosa/sierrae, that inhabit high alpine lakes and streams of the Sierra Nevada of California, 

have vanished from more than 90% of their range with Bd being a significant factor influencing 

their decline [22]. While many populations have been lost, there are some remaining frog 

populations persisting even with Bd present [23]. Devastating loss coupled with potential hope for 

recovery presents an excellent opportunity to explore host-pathogen dynamics and inform 

strategies to recover extant frog populations. Advancements in next-generation sequencing and 

decreased costs of genomic technologies have made it increasingly possible to address these 

complex host-pathogen interactions [24–27]. By generating data from many samples at hundreds 

and thousands of independent locations on both the host and pathogen genomes, my research taps 

into evolutionary processes that guide host and pathogen dynamics and ultimately inform 

conservation efforts [27–29]. 

In Chapter 2, I focus on the landscape of California’s Sequoia and Kings Canyon National 

Parks where Rana muscosa/sierrae populations have been singifiicantly impacted by invasive fish 

and disease [17,30–32]. Recovery efforts for these frog populations use translocations and 

reintroductions as management actions. Limited fine-scale genetic information [33] has impacted 

long-term recovery efforts and therefore a comprehensive genetic assessment could guide 

mangement efforts among these populations. Our study uses hundreds of archived skin swabs from 

both extripated and extant frog populations to build a complete genetic assessment within park 

boundaries. Using our robust amplicon based genetic data set we find that samples clustered into 

three distinct groups, largely matching watershed boundaires. We also find evidence of historical 

gene flow between watershed boundaries with a pattern of north to south migration. Our results 

show that genetic diversity does not differ between disease status of frog populations. The fine-

scale genetic assessmenet provides important management recoomendations and hihglighted the 

power of minimally invasive sampling for robust recovery of endangered species.  
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Shifting to a Bd perspective, Chapter 3 focuses on incorporating similar fine scale genetic 

methods in Chapter 2 to study pathogen population genetics. Investigations of novel wildlife 

pathogens sometimes only rely on epizoological data to inform hypotheses about disease 

emergence. However, integrating genetic information with epizoological data can uncover gaps in 

our a priori assumptions and build a more complete picture of pathogen history [34–39]. In 

Chapter 3, we use an amplicon-based method to challenge key assumptions about the devastating 

zoonotic disease impacting amphibians globally. Previous work surmised that in both regions the 

hypervirulent Global Panzootic Lineage of Bd (BdGPL) was a novel and recently introduced with 

subsequent wave-like spread across amphibian communities. Focusing on two emblematic 

systems, the Sierra Nevada of California and Central Panama, we retrospectively compare and 

explore genetic signatures of Bd. By integrating genetic data at similar temporal and spatial scales 

we demonstrate that BdGPL outbreaks with analogous epizootic signatures had substantially 

different evolutionary histories. In Central Panama we observe Bd genetic signatures largely match 

the hypothesis of recent and rapid spread across the landscape. Conversely, in the Sierra Nevada 

we find significant spatial genetic structure, increased levels of genetic diversity, and older inferred 

history using time-dated phylogenetics. Contrasting genetic histories in these two regions highlight 

the important value of integrating field observed disease declines with pathogen genetic data to 

build a complete picture of disease emergence and spread.  

In my last chapter, I expand sampling from Chapter 2 building a complete genetic picture 

across the range of Rana muscosa/sierrae. Conservation genomics is an integral part of endangered 

species recovery plans [27,29,40]. Despite the value of this information, some taxa, such as 

amphibians, have not fully benefitted from genomic technologies. Large and complex genomes of 

amphibians have typically hindered ease and implementation of genomic applications [41–43]. 

Furthermore, amphibian declines necessitate conservation interventions to recover population 

[26,44]. Rana muscosa/sierrae are a prime example of the need for genomic assessments coupled 

with methodological limitations. Currently, rangewide conservation plans for Rana 

muscosa/sierrae are based on a single mitochondrial gene [33]. Rana muscosa/sierrae complex 

genomes have precluded more extensive genomic sampling and therefore limited the genomic 

resolution across the species complex. Compiling hundreds of archived skin swabs from frog 

populations across the range, we sought to investigate rangewide genetic structure and diversity to 

inform conservation efforts for this imperiled species. Using similar methods in Chapter 2, our 

results identify eight major genetic clusters across Rana muscosa/sierrae populations. Although 

we find distinct genetic clusters, we also observe admixture across cluster boundaries. We find 

that genetic diversity is similar between clusters with some exceptions, especially from populations 

in Yosemite National Parks. Results of this comprehensive genomic assessment could have 

immediate impacts for species recovery. We explore how our results can explicitly inform 

management units across Rana muscosa/sierrae range and managing disease related amphibian 

declines. 

Threats to biodiversity, like disease, are complex and require integrating the best available 

tools to combat species declines. Continued advancements in genomic technologies will accelerate 

opportunities for integration into active wildlife management. However, what is the best way to 

use genomics, in the most pressing of scenarios, to inform current recovery actions? My 

dissertation chapters showcase the power of genomics, amidst a backdrop of the devastating effects 

of persistent threats, to directly inform conservation management. 
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CHAPTER 2 STEPPING INTO THE PAST TO CONSERVE THE FUTURE: 
ARCHIVED SKIN SWABS FROM EXTANT AND EXTIRPATED POPULATIONS 

INFORM GENETIC MANAGEMENT OF AN ENDANGERED AMPHIBIAN 
 

Andrew P. Rothstein, Roland A. Knapp, Gideon Bradburd, Daniel M. Boiano, Cheryl J. Briggs, 

Erica Bree Rosenblum 

 

Originally published in Molecular Ecology (2020; 29,14) and reproduced here with the permission 

of Roland A. Knapp, Gideon Bradburd, Daniel M. Boiano, Cheryl J. Briggs, Erica Bree Rosenblum 

 

2.1 ABSTRACT 
 

 Moving animals on a landscape through translocations and reintroductions is an important 

management tool used in the recovery of endangered species, particularly for the maintenance of 

population genetic diversity and structure. Management of imperiled amphibian species rely 

heavily on translocations and reintroductions, especially for species that have been brought to the 

brink of extinction by habitat loss, introduced species, and disease. One striking example of 

amphibian declines and associated management efforts is in California’s Sequoia and Kings 

Canyon National Parks with the mountain yellow-legged frog species complex (Rana 

sierrae/muscosa). Mountain yellow-legged frogs have been extirpated from more than 93% of 

their historic range, and limited knowledge of their population genetics has made long-term 

conservation planning difficult. To address this, we used 598 archived skin swabs from both extant 

and extirpated populations across 48 lake basins to generate a robust Illumina-based nuclear 

amplicon dataset. We found that samples grouped into three main genetic clusters, concordant with 

watershed boundaries. We also found evidence for historical gene flow across watershed 

boundaries with a north-to-south axis of migration. Finally, our results indicate that genetic 

diversity is not significantly different between populations with different disease histories. Our 

study offers specific management recommendations for imperiled mountain yellow-legged frogs 

and, more broadly, provides a population genetic framework for leveraging minimally invasive 

samples for the conservation of threatened species.  
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2.2 INTRODUCTION  
 

Translocations and reintroductions are fundamental management actions used in the recovery of 

threatened and endangered species [45–48]. While translocations and reintroductions have been 

successful for some animal populations [49–51], they also present major challenges, especially in 

certain taxonomic groups, such as amphibians [48,49,51]. Amphibians are one of the most 

imperiled lineages worldwide, with greater than 30% of known species currently threatened with 

extinction [52]. Translocations and reintroductions are an important tool in amphibian 

conservation given local extirpations in many species around the world [53,54]. However, these 

approaches to combat amphibian declines have had variable success [55–57]. Amphibian 

translocation and reintroduction programs can be hindered by many factors such as complex life 

histories [48], limited dispersal paired with high site fidelity [58], insufficient natural history 

information [48,54], and continued presence of unmitigated threats at release sites [51,53,56]. 

Even in the face of these challenges, translocations and reintroductions may be the only 

conservation tool available to restore many amphibian populations.  

An emblematic example of amphibian declines and associated recovery efforts is the 

mountain yellow-legged frog (MYLF) species complex. The mountain yellow-legged frog (Rana 

muscosa) was split into the Sierra Nevada yellow-legged frog (Rana sierrae) and southern 

mountain yellow-legged frog (Rana muscosa) based on genetic, morphologic, and acoustic data 

[33]. In the Sierra Nevada mountains of California, both species inhabit mid and high elevation 

lakes, ponds, and streams [59]. Once the most abundant amphibian in the Sierra Nevada [60], 

MYLFs have disappeared from >93% of their historical ranges despite the majority of their habitat 

being on federally protected lands [33]. Currently, both R. sierrae and R. muscosa are state and 

federally listed as threatened or endangered species [61,62]. Primary causes of these declines 

include the widespread introduction of non-native trout into previously fishless water bodies 

[22,63–66] and the spread of the amphibian chytrid fungus (Batrachochytrium dendrobatidis, 

hereinafter “Bd”) [17]. Bd is a recently emerged and highly virulent fungal pathogen that attacks 

amphibian skin, causes the disease chytridiomycosis, and can rapidly lead to mortality in 

susceptible species. Bd currently threatens hundreds of amphibians species worldwide [9,67], and 

MYLFs are particularly susceptible. 

In response to the threat of MYLF extirpations in Sequoia and Kings Canyon National 

Parks (SEKI), populations in this jurisdiction are currently the focus of intensive conservation 

efforts. MYLFs historically occupied all major watersheds in SEKI but have declined precipitously 

over the past four decades [17,30,68,69], often due to the arrival of Bd. These Bd-caused declines 

have left over half of historically occupied lake basins empty of MYLFs (see all historical lakes 

once occupied by frogs in Fig 2.1A). However, some MYLF populations remain in SEKI, many 

of which are naïve to Bd and a few that are persisting or even recovering despite ongoing Bd 

infection. Persisting populations are important sources of frogs for restoring the species complex 

across its native range [70]. Bd-naïve populations are likely highly susceptible to imminent 

infections and are therefore not currently used in translocations or reintroductions. With few 

conservation tools left for managers to pursue other than non-native trout eradication, MYLF 

conservation actions across SEKI have focused on using translocations and reintroductions to 

bolster extant populations or recover extirpated populations. 

One of the main limitations in SEKI recovery and management efforts is designating 

effective conservation management units. Our current understanding of genetic variation in 

MYLFs is based on a 13-year old study that used a single mitochondrial marker to describe genetic 
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structure across the entire species range with 91 total individuals and limited sampling from SEKI 

(n=39) [33]. This study identified a species-level split (between R. muscosa and R. sierrae) within 

SEKI park boundaries. The 2007 assessment has served as an important guide to MYLF 

conservation for over a decade, but a finer-scale study of spatial genetic variation in SEKI is 

urgently needed to better inform conservation efforts. Specifically, higher resolution genetic data 

can help with species delimitation, identifying management units, and aid in maintaining historical 

genetic structure in the face of ongoing threats.  

To address the need for higher resolution genetic data, our study combines a minimally 

invasive sampling methodology and robust nuclear amplicon sequencing to create a population 

genetic framework for future MYLF translocation and reintroduction efforts. Notably, our study 

includes skin swab samples from both extant and extirpated populations across both species, 

providing a critical understanding of historical and contemporary genetic variation in these 

endangered species. Our study addresses the following three questions: 1) What are the key MYLF 

genetic groups that can serve as management units in SEKI? 2) How much gene flow is observed 

within and across major watershed boundaries in SEKI? and 3) Does genetic diversity differ 

among populations that are Bd-naïve, and either declining, extirpated, or persisting following Bd 

outbreaks? Our results provide a clear and robust delineation of frog management units and 

highlight the importance of genetic data for effective species recovery planning. 
 

2.3 MATERIALS AND METHODS 
 

Sampling and DNA purification 

We used 598 archived swab DNA samples (2005-2014) from 48 lake basins across four 

major watersheds in SEKI that were previously collected for Bd surveillance (Fig 2.1B). We 

sampled relatively evenly across both species (R. sierrae; n=304, R. muscosa; n=294). We define 

lake basins as “populations” within major watersheds (at HUC8 scale, with Kings watershed 

divided by two major forks), but it is important to note that lake basins are subdivided into 

numerous lakes and streams (as shown in Fig 2.1A). Additionally, we included two lake basins 

outside park boundaries (identified with an asterisk in Fig 2.1B, Mulkey Meadows & Lower 

Bullfrog Lakes) as they represent important populations for future frog recovery. Each individual 

frog was swabbed 30 times on ventral skin surfaces. DNA was extracted from swab samples using 

PrepMan Ultra Reagent according to manufacturer’s protocol. Typically, minimally-invasive 

samples contain many PCR inhibitors that can interfere with downstream data quality for DNA 

sequencing, so we used an isopropanol precipitation to purify swab extracts [71]. We applied 1µL 

of DNA per extract towards amplicon preparation and sequencing. 

 

DNA sequencing 

Using 50 amplicon markers previously developed for MYLFs [71], we applied a 

microfluidic PCR approach to generate nuclear amplicons. Briefly, the Fluidigm Access Array and 

Juno platforms allowed for high throughput amplification of either 48 or 192 samples, respectively, 

across all markers, and produced PCR products ready for amplicon library preparation. Using this 

type of assay provides a relatively affordable (~$25 per sample) method to obtain robust results 

from lower DNA quality samples [72]. Given the small amount of DNA available from skin swabs 

versus traditional DNA sources, we used a pre-amplification step following the manufacturer's 

protocol (Fluidigm, South San Francisco, CA, USA). This initial PCR (with forward and reverse 

primers without tagged barcodes) increased amplification success of target regions. We then 
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removed other potential PCR inhibitors such as excess primers and unincorporated nucleases from 

PCR products using ExoSAP‐IT and diluted 1:5 in nuclease-free water. 

Following pre-amplification, we applied a microfluidic PCR method to amplify target 

regions. Each well contained a pre-amplified PCR product for each sample and multiplexed primer 

pools which was loaded onto an Access Array or Juno platform. Following microfluidic PCR, 

samples were combined into an Illumina library prep which included a barcoded tag of each 

amplicon and each sample. Illumina libraries were run on ¼ MiSeq plate with 2 × 300 bp paired-

end reads, resulting in ~4.5 million reads with ~290x coverage per amplicon (unique combinations 

of samples and amplicons) at the University of Idaho IBEST Genomics Resources Core. Our 

dataset ran in two phases, 237 swabs samples on Fluidigm Access Array 48x48, followed by 361 

samples on Fluidigm Juno 192x24. The two datasets were combined for sequence pre-processing 

and SNP genotyping. 
 

Sequence processing and SNP genotyping 

Starting with raw sequence reads, we used the dbcAmplicons software 

(https://github.com/msettles/dbcAmplicons) to trim adapter and primer sequences. Paired-end 

reads were merged to build continuous reads that extended the length of the amplicon using flash2 

[73]. Sequences were de-multiplexed using the reduce_amplicons.R script from the dbcAmplicons 

repository. After de-multiplexing, we used bwa (“mem” mode) software to align reads to our 

reference target regions. Using BAM files from alignments, we applied FreeBayes, a Bayesian 

genetic variant detector that identified haplotype-based SNP calls [74]. FreeBayes software 

removed singleton alleles and used phased haplotypes encoded as alleles. Following singleton 

removal and phasing, we used default FreeBayes parameters and limited SNP calls to within our 

50 amplicon regions. The resulting dataset was a raw VCF file that we used for subsequent SNP 

filtering. We filtered SNPs using standard quality control parameters through vcftools (removing 

alignment mapping quality less than 30, supporting base quality less than 20, minimum supporting 

allele quality sum = 0, and proportion of genotypes called <60) [75]. Finally, we removed samples 

from downstream analyses that contained a high proportion of missing data (>50%), which left 

385 samples in the dataset for downstream analyses. 

 

Inferring population genetic structure 

Before inferring population structure, we assessed potential pseudoreplication and 

associated biases in our dataset due to the physical linkage between SNPs in each of our amplicons. 

To do so, we first randomly subsampled one SNP per amplicon locus and conducted a principal 

component analysis (PCA) on that data subset. We repeated this procedure 500 times at both the 

basin level and the major drainage level to explore the consistency of inferred genetic relationships. 

We used a Procrustes transformation, implemented in R package vegan 2.5-6 [76], to keep a 

consistent orientation between PC plots for each random subset. We found some effect of sub-

setting on inferred genetic relationships, but patterns of relatedness were generally consistent 

across random subsamples, and we found no directional biases (Results, Fig 2.7). After assessing 

potential biases, we used multiple methods to investigate genetic structure within our SNP dataset. 

Using the full SNP dataset, we examined differentiation at a coarse scale by comparing FST 

between major watersheds and conducting a PCA, both implemented in adegenet [77]. We tested 

for departures of FST from 0 through Monte-Carlo test of 1000 simulations with pairwise FST values 

implemented in hierfstat [78]. For the PCA, we evaluated the first two principal components to 

visualize genetic structure at the watershed drainage scale. To more explicitly explore population 

structure and potential admixture among lake basins, we applied STRUCTURE (v. 2.3.4) to our 

https://github.com/msettles/dbcAmplicons
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multi-locus genotypes. We ran an admixture model five times for each potential value of K (=1-6) 

with 10,000 steps burn-in and 100,000 MCMC steps. The maximum value of K was chosen as 

double the number of populations at the watershed scale compared to previous genetic work [33]. 

By using a range of K values, we evaluated all biologically reasonable groupings rather than using 

a single K value from a model comparison approach. Additionally, we investigated sub-structure 

using similar STRUCTURE model parameters within each drainage. Paired with our 

STRUCTURE analyses, we used conStruct v1.03 (https://CRAN.R-

project.org/package=conStruct), which models both continuous and discrete patterns of genetic 

differentiation [79]. Briefly, conStruct accounts for patterns of isolation-by-distance by estimating 

ancestry proportions from samples while simultaneously estimating the decay of relatedness within 

a population due to distance across a landscape. We ran three replicate runs of conStruct for values 

of K between 1 and 7, each for 3000 iterations. For each analysis, we compared models across 

different values of K by calculating the “layer contributions” – the amounts of total covariance 

explained by each discrete group in the model and rejecting values of K that resulted in negligible 

layer contributions. Finally, we applied an AMOVA to test for hierarchical structure between lake 

basin and watershed scales using the poppr R package [80]. 

 

Measuring gene flow 

We also investigated patterns of migration among major watersheds. We applied TreeMix 

v. 1.13 [81], which uses a maximum likelihood approach to identify patterns of population splitting 

and admixture across all samples. Using the four watersheds as major population groups, we 

simulated 2-10 migration events (-m flag), generated bootstrap replicates to ensure confidence in 

our inferred tree of admixture events, and chose the best fit tree based on maximum likelihood 

values.  
 

Patterns of historical genetic diversity in extant and extirpated populations 

Lastly, we calculated standard measures of historical genetic diversity among all 48 lake 

basins. In this case, we define historical as samples collected before the detection of Bd from qPCR 

of skin swabs. Bd epizootics in MYLF populations cause mass die-offs and many populations in 

SEKI were extirpated within several years of such outbreaks [17]. Bd has now been detected across 

nearly all of SEKI, and, as a result, robust populations are rare (Knapp & Boiano, unpublished 

data). Using repeated surveys of frog populations conducted over the past 20 years [17,82; Knapp, 

unpublished data] and associated Bd surveillance, we classified the sampled lake basins into four 

frog population status categories (“Status” in Table 2.1). Of the sampled lake basins, a small 

number remain Bd-naïve (termed “naïve” [n=6]). In addition, a few basins contain populations 

that are persisting or recovering following Bd-caused declines (termed “persistent” [n=6]). A 

larger number of basins contain populations that declined following the arrival of Bd and are 

trending toward extirpation due to a lack of recruitment of animals into the adult size class (termed 

“declining” [n=23]). The three categories of naïve, persistent, and declining are collectively 

referred to as “extant”. Finally, many basins contain sites from which MYLFs are entirely 

extirpated following Bd-caused declines (termed “extirpated” [n=13]). Especially for recently 

declined or extirpated lake basins, historical genetic diversity can give context for how diversity 

was once distributed on the landscape. We compared historical genetic diversity of frogs across 

the four basin categories, and calculated Watterson’s θ and observed heterozygosity using a custom 

R script and the adegenet R package, respectively [77].  
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2.4 RESULTS  
 

Genetic structure 

After filtering, SNP genotyping, and phasing, our dataset included 385 individuals and 

1,447 SNPs. From the original 598 samples, our 385 samples for downstream analysis resulted in 

a 64% success rate. Percent success sequencing from swabs was similar across both species (R. 

muscosa: 67.7% [n=199], R. sierrae: 61.2% [n=186]); across contemporary and historical 

sampling periods (extant: 65.3% [n=305], extirpated: 67.7% [n=80]); and across disease status 

groups (naïve: 55.7% [n=44], persistent: 74.2% [n=46], declining: 66.0% [n=215], extirpated 

67.8% [n=80]). The average number of SNPs per contig was 31 ± 8 SD and the average length of 

contig was 359 ± 60 bp SD. Inferred population genetic structure indicated that samples largely 

clustered by major watershed drainage (Fig 2.2). Our PCA analyses formed three groups across 

four watersheds with PC loadings strongly correlated with latitude or watershed (PC 1) and 

longitude (PC 2). STRUCTURE and conStruct results suggest three clusters forming 2-4 different 

groupings (Fig 2.3, 2.4). AMOVA results were consistent with major genetic groupings, with the 

majority of genetic variation (58.45%,) partitioned between major watersheds and remaining 

genetic variation partitioned among lake basins within drainages, and among all samples (38.96%, 

2.58% respectively). Permutation significance testing for AMOVA showed significant differences 

among major watersheds (p<0.001) and among samples within major watersheds (p<0.001). 

Within watersheds, however, we found no sub-structuring from both STRUCTURE and 

ConStruct. Thus, the four sampled watershed basins could be described as three genetic groups, 

with samples from San Joaquin and Middle Fork (MF) Kings representing a northernmost cluster, 

samples from South Fork (SF) Kings representing a central cluster, and samples from Kern 

representing a southern cluster. Notably, both STRUCTURE and conStruct indicated some 

admixture among basins, particularly between the MF and SF Kings watersheds. The three genetic 

groupings we found are not entirely concordant with the previous split described between R. 

sierrae and R. muscosa [33]. Although we did find that R. sierrae and R. muscosa samples 

segregated in largely distinct clusters, we also found some admixture between the named species 

(notably between the MF and SF watersheds) and found additional genetic discontinuities within 

named species (notably between the SF and Kern watersheds).  

To examine possible impacts of pseudoreplication on our results due to physical linkage 

between SNPs on the same amplicon, we tested for biases introduced by using the complete 

dataset. Using randomly subsetted SNP datasets (retaining only a single, randomly selected SNP 

per amplicon), we found some effect on inferred genetic relationships but no directional bias (Fig 

S1). Pseudoreplication due to linkage should artificially increase our certainty, but not introduce 

bias, in our results. Our results were broadly comparable across PCA, STRUCTURE, and 

ConStruct groupings (Fig 2.8). Finally, we considered a range of possible K values given the issues 

with identifying a single “optimal” K [83]. Overall, our results were highly consistent across 

approaches, so we describe biogeographic patterns based on K=3, which appears supported across 

methods and is biologically the most relevant.  

Levels of differentiation based on FST among the four sampled watersheds were also 

consistent with clustering results (Table 2.2). The San Joaquin and MF Kings watersheds, which 

can be interpreted as constituting a single genetic cluster, exhibited the most limited differentiation 

(FST=0.05). Admixture between MF and SF Kings was similarly reflected by low cross-basin 

differentiation (FST=0.06). Consistent with a less porous genetic break between SF Kings and 

Kern, we observed greater differentiation between these basins (FST=0.13). As expected, FST 
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between non-adjacent basins was higher [MF Kings-Kern (FST=0.17), and San Joaquin-Kern 

watersheds (FST=0.21)]. Simulations for departures of FST showed significant differentiation 

between major watersheds (Monte-Carlo test, nsim=1000, p<0.001).  
 

Gene flow 

Given patterns of admixture observed across watershed boundaries, we estimated relative 

weights of migration among watersheds. The highest likelihood tree from our TreeMix analysis 

inferred two migration events. Using a two-migration event tree, the strength and directionality of 

migration was greatest from San Joaquin to MF Kings (which together form a single genetic 

cluster) followed by MF Kings to SF Kings (Fig 2.5). While SF Kings and Kern cluster closely in 

topology, TreeMix support our structuring results that there is still a major barrier to migration 

between these two watersheds. It is important to note that the TreeMix model has several 

assumptions about the processes of gene flow. Mainly, migration is modeled as occurring in a 

single time point as opposed to ongoing long-term gene flow [81]. This assumption is likely 

violated in our case, since there is likely ongoing gene flow given our admixture, but the topology 

did not change by adding migration events and matches our genetic groupings. 

 

Genetic diversity of populations differing in Bd exposure history and outcome 

 To examine the extent to which historical genetic diversity is distributed among frog 

populations with different Bd-related histories, we compared mean Watterson’s θ for samples of 

four different types of populations (assigned at the lake basin scale): naïve, persistent, declining, 

and extirpated (Table 2.1). Historical genetic diversity was highest in naïve basins 

(0.002±0.0007SD) followed by persistent (0.0014±0.0003SD) and declining (0.0014±0.0008SD) 

basins. Extirpated basins (0.0012±0.0007SD) harbored the least historical genetic diversity of our 

status groups, but differences in genetic diversity between basin types were not significant 

(ANOVA, F=1.32, p=0.281). Within lake basins that still have frogs (all extant, n=35), mean 

historical genetic diversity was highest in Barrett (0.0031, MF Kings) while Coyote basin (0.0002, 

Kern) exhibited the lowest historical genetic diversity (Table 2.1, Fig 2.6). 

 

2.5 DISCUSSION 
 

 The planning of effective translocations and reintroductions requires a baseline 

understanding of genetic diversity and structure for the species of interest. In cases of rapid species 

declines, archived samples may be the only opportunity to provide genetic context for recovery 

actions. Therefore, our study leveraged archived swab samples from both extant and extirpated 

populations of an endangered frog species complex within an actively managed protected area. 

Using amplicon-based Illumina sequencing, we addressed three main objectives: identifying 

mountain yellow-legged frog management units within SEKI, refining our understanding of gene 

flow across major watershed boundaries, and assessing historical genetic diversity among extant 

(naïve, persistent, and declining) and extirpated lake basins to identify what diversity was present 

in SEKI before the arrival of Bd. Overall, we found that frog populations in SEKI structured into 

three genetic clusters with evidence for some gene flow between the clusters. Additionally, we 

found that genetic diversity did not differ between populations with different disease histories. Our 

findings provide finer spatial and genomic resolution across the remaining frog localities in SEKI. 

Broadly, we demonstrate the power of combining samples from extant and extirpated populations 

and suggest how they can inform translocations and reintroductions for conservation. 
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Factors influencing frog population structure in SEKI  

Our tests for genetic structure used a variety of methods (PCA, STRUCTURE, conStruct, 

and AMOVA) and recovered similar genetic clusters. Samples from the San Joaquin and MF Kings 

watersheds together composed one genetic cluster, samples from the SF Kings watershed created 

a second cluster, and samples from the Kern watershed comprised a third (Fig 2.2-2.4). While we 

identified three genetic groupings, we recovered some admixture between basins. Not only did we 

find evidence of significant gene flow between San Joaquin-MF Kings samples (which together 

comprise a single genetic group), but we also inferred more limited gene flow between the 

remaining adjacent watersheds (MF Kings-SF Kings and SF Kings-Kern) (Fig 2.3, Fig 2.4). Our 

model-based analyses suggested that a two-migration event scenario was the best fit for the data, 

with migration likely strongest between San Joaquin-MF Kings and MF Kings-SF Kings (Fig 2.5). 

In summary, there is evidence for differentiation across watershed boundaries in SEKI MYLFs, 

but some boundaries have been more porous to gene flow over time than others. 

Several factors likely contribute to patterns of drainage-level genetic variation in MYLFs. 

Certain environmental characteristics, such as topography and fluvial distances, are known to 

separate montane amphibian populations [84–89]. Given the steep slopes and high ridges between 

drainages in this portion of the Sierra Nevada, the topographic isolation of lake basins, and the 

highly aquatic life history of MYLF, our admixture and gene flow results suggest similar 

characteristics could have shaped our observed genetic patterns across frog populations. These 

characteristics can be highlighted by the porous patterns of genetic variation between San Joaquin 

and MF Kings. Frog populations in these two watersheds have the least genetic differentiation 

between drainages (FST), and Muir Pass (elevation 3,644m), which separates them, has a relatively 

smooth topographic gradient. As a result, lakes and streams are in close proximity to the pass and 

there are fewer barriers to frog movement. Other environmental and life history factors could also 

impact frog movement across the landscape. Such variables could include temperature-moisture 

regimes, habitat permeability, presence of non-native predatory trout, and frost-free periods 

between sites [87]. Future work would benefit from generating explicit models to correlate patterns 

of genetic variation with environmental variables and landscape features.  

In addition to the potential contribution of geographic barriers to observed patterns of 

genetic diversity, we also found a general signal of isolation-by-distance both within and across 

watersheds. Moreover, we identified a general pattern of asymmetrical gene flow with frogs 

migrating preferentially north to south across our study area (from the San Joaquin to MF Kings 

and from MF Kings to SF Kings, Fig 2.5). TreeMix models are likely violated if there is ongoing 

gene flow, but we can cautiously interpret topologies and directionality of gene flow to understand 

relationships between major drainages. North-south axes of differentiation have also been 

observed in other Sierra Nevada herpetofaunal taxa, likely influenced by one or more broad 

vicariant events (e.g., climatic or glacial; [33,90–95]. It is important to note that patterns of 

population structure and gene flow inferred here do not reflect current migration, given the small 

number of remaining MYLFs in SEKI. Historically, high abundances and widespread localities of 

MYLFs across SEKI suggest that connectivity among populations within and between lake basins 

would have been much higher than at present (Fig 2.1A). Thus it is also possible that observed 

genetic patterns could partially be a geographic artifact of recently lost MYLF populations, for 

example if the full complement of historical populations created more genetic continuity across 

the landscape [96–98]. 
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Genetic diversity in SEKI  

 Our analyses - using swab samples from both extant and extirpated lake basins - also 

provide insight into historical genetic diversity in SEKI MYLFs given dramatic recent declines. 

Analyzed skin swabs were collected over the last decade (before, during, and after population 

declines) and provide an opportunity to describe historical genetic diversity for the species (i.e. 

before the arrival of Bd). In terms of rank order, Bd-naïve basins harbored the most genetic 

diversity, while basins from which frogs have been extirpated harbored the least. Basins where 

frogs have survived a Bd-outbreak were intermediate in genetic diversity. Despite this rank order, 

differences were not statistically significant, likely due to low total numbers of lake basins with 

naïve and persisting populations. Overall, mean genetic diversity varied by two orders of 

magnitude across all basins (Table 2.1, Fig 2.6). Inferred genetic diversity (based on sampling 

conducted across 20 years) may be higher than current genetic diversity given ongoing Bd-related 

declines. Furthermore, because samples were limited, we needed to bin samples across years, 

constraining our ability to estimate and identify fluctuations in genetic diversity [99,100]. 

However, given that many of the populations sampled represent the last remaining chance to 

describe historical MYLF diversity, our findings provide crucial data for translocation and 

reintroduction efforts by describing fine-scale patterns of diversity across the landscape.  
 

Management implications for reintroductions and translocations 

The vast majority of MYLF sites in SEKI have been extirpated in large part due to threats 

of non-native trout and disease, which are still present on the landscape. Only a handful of lake 

basins harbor frog populations that have not experienced Bd outbreaks or are persisting despite Bd 

presence. In our study, only twelve lake basins are considered “persistent” or “naïve” with regard 

to Bd. Of the twelve lake basins with persisting populations, eight had higher than average 

historical genetic diversity. These few basins represent the best remaining chance, if currently 

available genetic diversity is representative of historic levels, to bolster frog populations in SEKI. 

With an alarmingly small number of basins still harboring frogs, conservation managers have few 

options for translocations. However, even in the face of dwindling management options, our results 

can provide some guidance for moving frogs on the landscape. 

At the broadest level, our results suggest that managing frogs by major genetic group within 

SEKI may be more productive than managing frogs solely based on the species-level split. Our 

observed patterns of genetic variation (based on multilocus nuclear data) are not entirely 

concordant with previous mtDNA results that indicated a species-level break at the MF-SF Kings 

watershed boundary [33]. Although we found that R. sierrae and R. muscosa samples segregated 

into largely distinct genetic clusters, we also found evidence for admixture between the named 

species (across the MF and SF watersheds). We also describe a genetic break within R. muscosa 

(between the SF and Kern watersheds). Such differences between mtDNA and nuclear DNA 

datasets are common (e.g., Toews & Brelsford, 2012), especially when one set of markers shows 

stronger (or different) genetic discontinuities than the other. Typically, named species are treated 

separately for management decisions [102]. However, when species boundaries are unclear, 

genetic clusters might be better functional units for conservation decision making [103]. In this 

case, management in SEKI might better focus on the major genetic groups as management units 

rather than simply relying on species designations. 

A conservative management approach suggests that moving frogs between adjacent basins 

is more favorable than moving frogs over long distances between non-adjacent basins. Moving 

frogs between proximate lake basins increases the likelihood that translocated genotypes would 

have been historically present. Moving animals between nearby lake basins can also help maintain 
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locally adapted alleles. Additionally, lack of genetic substructure within watersheds suggests that 

moving frogs within a basin will have little impact on overall genetic structure. Therefore, 

managers could move frogs within watersheds to reestablish MYLFs in lake basins from which 

they have been extirpated. Current population census data will also be critical for assessing which 

basins with adequate historical genetic diversity also have viable frog numbers. Similarly, specific 

threats on the landscape may change which lake basins will be the best source for donor 

individuals. For example, translocating frogs that have persisted in the face of Bd may be a high 

priority given the ongoing threat of Bd on the landscape [104]. Some declining frog populations 

may retain high historical genetic diversity, but high Bd susceptibility and low recruitment (leading 

to potential loss of genetic diversity) may make them poor sources for translocations.  

Our gene flow data also suggest that moving frogs from north to south would better 

maintain historical genetic patterns (Fig 2.5). This is less important within watersheds, where 

genetic substructure is not pronounced. Overall, it may be less ideal to move frogs between major 

watersheds, especially when they coincide with genetic breaks. However, given the low number 

of remaining MYLF populations in SEKI, cross-watershed translocations may be necessary. In 

these cases, the more conservative management action would be to maintain a north-south 

direction of genetic exchange. 

Our recommendations prioritize maintaining historical population genetic structure and the 

potential for locally adapted alleles among lake basins. However, conservation managers confront 

complex tradeoffs, and therefore other strategies may be worth considering. For example, if 

reducing the threat of inbreeding depression and augmenting genetic diversity is a key concern 

[105,106], managers may consider moving frogs further distances than adjacent lake basins. 

Ultimately, translocations and reintroductions may be ineffective unless ongoing threats are 

mitigated. Given that Bd is still present on the landscape, introducing frogs from naïve lake basins 

that may be especially susceptible to chytridiomycosis increases the likelihood of recovery failure. 

Thus, identifying populations that are truly recovering after exposure to Bd will remain a critical 

objective for field research [23]. Lastly, coupling frog genetic data presented here with Bd genetic 

data across SEKI could illuminate whether different Bd genotypes exist among lake basins and 

help managers avoid moving Bd genotypes among susceptible individuals. We have recently 

developed a complementary Bd genotyping assay [72] and can now leverage Bd positive skin swab 

samples to genotype Bd across SEKI and assess whether frog and Bd genotypes co-vary spatially.  

Fine-scale studies such as this genetic assessment within SEKI and similar work in 

Yosemite National Park [71] will be crucial for MYLF recovery in individual parks. However, 

remnant populations in the two national parks represent only a portion of the total MYLF range. 

A full rangewide analysis will be critical to resolve several outstanding issues about the species 

complex. Critically, additional work is required to refine our understanding of within and between 

species differentiation. Genetic management units identified in this study are relevant for SEKI, 

but a rangewide analysis would provide more clarity for conservation action on genetic variation 

across the range. An updated rangewide genetic assessment would increase resolution outside park 

boundaries (as there are many additional frog populations adjacent to the parks) and allow 

coordinated conservation actions across multiple jurisdictions and stakeholders. In addition, our 

assay could be expanded to include detection of SNPs that may be important not only for 

maintaining neutral processes but also candidate adaptive loci important for Bd-resistance. 
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Conclusions 

Our study highlights the power of archived genetic samples for current conservation 

decision-making. Especially in cases of rapid species declines, our study provides a framework to 

harness critical genetic information even as populations are being extirpated. We leveraged MYLF 

samples from lake basins whose frog populations have been all but lost from the landscape. These 

samples provide crucial baseline data for understanding historical population structure and genetic 

diversity in SEKI. Populations will likely continue to be extirpated as disease spreads through the 

remaining naïve populations. Nonetheless, with a clearer understanding of historical patterns of 

population structure, gene flow, and genetic diversity, conservation decisions can be guided more 

effectively for this imperiled species complex.  
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Fig 2.1. A) Map of historical MYLF localities in Sequoia-Kings Canyon National Parks (sourced from 

https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=40357). B) Lake basins sampled in our study colored by major watershed. Lake basins shown in panel B 

contain multiple lakes (shown as green points in panel A, when inhabited by frogs). Solid black lines represent park boundaries, with Kings Canyon National Park 

to the north and Sequoia National Park to the south. Blue lines represent USGS HUC8 watershed boundaries that include San Joaquin River, Middle Fork Kings, 

South Fork Kings, and Kern. Species delimitation between R. sierrae (in the north) and R. muscosa (in the south) occurs across Middle Fork and South Fork Kings 

Rivers (based on Vredenburg et al. 2007). Two lake basins outside the park boundaries included in our study (marked with an asterisk), Mulkey Meadows (southeast 

of the border of Sequoia National Park located in Inyo National Forest) and Lower Bullfrog Lakes (south of the border of Sequoia National Park located in Sequoia 

National Forest), represent both persistent and declining sites within the Kern watershed important for frog recovery in southern Sequoia National Park. 

https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=40357
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Fig 2.2. PCA plot showing genetic variation across sampling localities. Each point represents the multilocus genotype of an individual frog (colored by watershed). 

PC1 captured 17.1% of variation and PC 2 captured 5.33% of variation, roughly recapitulating longitude and latitude respectively. Inset PCA plot colored by 

species distinction. Inset PCA plot shows datapoints colored by species designations. 
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Fig 2.3. STRUCTURE results for K=2-4. K=3 represents the most biogeographically relevant cluster across the four major watersheds. Bars represent individual 

samples and proportion of ancestry among genetic clusters. Current species split between R. sierrae and R. muscosa occurs between the Middle Fork and South 

Fork of the Kings River. However, we did find admixture across all watershed boundaries. 
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Fig 2.4. ConStruct analyses recovered three genetic groups (K=3). Pie charts show probability of ancestry from the 

three genetic clusters and likelihood of admixture. 
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Fig 2.5. Best fit TreeMix display of two migration events. Migration is inferred to be strongest from San Joaquin to MF Kings, followed by MF Kings to SF Kings. 

TreeMix model was run for 2-10 migration events with two migration events resulting in best fit model. Topologies and directionality did not change by increasing 

migration events.
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Fig 2.6. Map of genetic diversity (Watterson’s ) (grayscale) and population status (shapes). Only a small number of 

basins contain frog populations that are Bd-naïve or persisting after the arrival of Bd. A larger number of basins harbor 

frog populations that show little or no evidence of recruitment after Bd arrival (declining) or are extirpated. 
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Fig 2.7. Subsetted one SNP per amplicon PCA plots. Top left represents all SNP data combined and colored by 

drainage group. Subsequent panels are each random subset of one SNP per amplicon. While there are subsets of SNPs 

that do cluster as the full data set, there are no discernable directions of bias.
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Fig 2.8. A. Latitude and longitude coordinates for each sample; with larger points for average among major drainages. B. Procrustes-transformed PC based on 

mean values among major drainage. C. Major drainage Procrustes-transformed PC representing each individual genotype (transparent points) and major drainage 

mean value.
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Table 2.1. Historical genetic diversity and population status by basin. Genetic diversity calculated as Watterson’s  

and Nei’s unbiased gene diversity. Population status divided into four categories: naïve, persistent, declining, and 

extirpated. (*) Mulkey Meadows and Lower Bullfrog Lake lie outside park boundaries but represent important 

populations for Kern Watershed lake basins. 

Basin N Major Watershed Species Status Watterson’s  H(Nei’s)  

LeConte Divide 9 San Joaquin R. sierrae Persistent 0.0017 0.0015 

McGee Basin 9 San Joaquin R. sierrae Persistent 0.0015 0.0022 

Darwin Bench 8 San Joaquin R. sierrae Persistent 0.0014 0.0018 

Evolution Basin 8 San Joaquin R. sierrae Declining 0.0013 0.0029 

Barrett Basin 27 MF Kings R. sierrae Declining 0.0031 0.0061 

Black Giant Basin 13 MF Kings R. sierrae Declining 0.0026 0.0023 

Dusy Basin 20 MF Kings R. sierrae Declining 0.0024 0.0026 

Rambaud Basin 16 MF Kings R. sierrae Extirpated 0.0021 0.0014 

Devils Crag Basin 9 MF Kings R. sierrae Extirpated 0.0019 0.0011 

Black Divide 3 MF Kings R. sierrae Declining 0.0013 0.001 

Amphitheater Basin 13 MF Kings R. sierrae Declining 0.0012 0.0018 

Volcanic Basin 10 MF Kings R. sierrae Declining 0.0012 0.0024 

Slide Basin 8 MF Kings R. sierrae Declining 0.0012 0.0017 

Swamp Basin 11 MF Kings R. sierrae Persistent 0.0012 0.0016 

Palisade Basin 3 MF Kings R. sierrae Extirpated 0.001 0.0012 

Observation Basin 13 MF Kings R. sierrae Declining 0.0009 0.0009 

Gorge Basin 2 MF Kings R. sierrae Declining 0.0007 0 

Horseshoe Basin 4 MF Kings R. sierrae Declining 0.0004 0.0004 

Spur Basin 15 SF Kings R. muscosa Naïve 0.0026 0.005 

Forester Basin 9 SF Kings R. muscosa Naïve 0.0026 0.0027 

Upper Basin 15 SF Kings R. muscosa Extirpated 0.0025 0.0061 

Marjorie Basin 14 SF Kings R. muscosa Declining 0.0021 0.0045 

Reflection Basin 11 SF Kings R. muscosa Extirpated 0.002 0.004 

Center Basin 4 SF Kings R. muscosa Naïve 0.0015 0.0014 

Sixty Lake Basin 20 SF Kings R. muscosa Declining 0.0015 0.0049 

Woods Basin 1 SF Kings R. muscosa Extirpated 0.0013 0 

Vidette Basin 6 SF Kings R. muscosa Naïve 0.0011 0.0026 

Granite Basin 3 SF Kings R. muscosa Persistent 0.001 0.0042 

Bullfrog Basin 1 SF Kings R. muscosa Naïve 0.0009 0 

Striped Basin 1 SF Kings R. muscosa Extirpated 0.0009 0 

Muro Blanco Basin 12 SF Kings R. muscosa Extirpated 0.0008 0.0041 

Pinchot Basin 3 SF Kings R. muscosa Extirpated 0.0008 0.0037 
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Marion Basin 2 SF Kings R. muscosa Extirpated 0.0006 0.0007 

Rae Basin 3 SF Kings R. muscosa Extirpated 0.0005 0.0019 

Cartridge Basin 2 SF Kings R. muscosa Extirpated 0.0005 0.0014 

Lewis Basin 2 SF Kings R. muscosa Declining 0.0003 0 

Lower Bullfrog Lake * 1 Kern R. muscosa Declining 0.0022 0 

Milestone Basin 19 Kern R. muscosa Declining 0.002 0.0055 

Kern Bench 9 Kern R. muscosa Naïve 0.0019 0.0027 

Mulkey Meadows * 6 Kern R. muscosa Persistent 0.0018 0.0027 

Whitney Basin 5 Kern R. muscosa Declining 0.0017 0.0053 

Tyndall Basin 4 Kern R. muscosa Declining 0.0015 0.0044 

Upper Kern Basin 15 Kern R. muscosa Declining 0.0014 0.0042 

Sky Parlor Basin 2 Kern R. muscosa Declining 0.0011 0.0007 

Wright Basin 3 Kern R. muscosa Declining 0.0005 0.0016 

Wallace Basin 3 Kern R. muscosa Declining 0.0005 0 

Laurel Basin 2 Kern R. muscosa Extirpated 0.0005 0.0007 

Coyote Basin 6 Kern R. muscosa Declining 0.0002 0.0015 
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Table 2.2. Pairwise FST among watersheds. Comparisons between adjacent watersheds showed limited to moderate 

genetic differentiation. 

 

Major Watershed San Joaquin MF Kings SF 

Kings 

Kern 

San Joaquin 0 - - - 

MF Kings 0.05 0 - - 

SF Kings 0.10 0.06 0 - 

Kern 0.21 0.17 0.13 0 
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 In Chapter 2, I focused on a location under intensive conservation management within 

Rana muscosa/sierrae species range. Using samples from both extant and extirpated frog 

populations, I laid out a comprehensive, fine-scale genetic framework to inform management 

actions (e.g. in the form of translocations and reintroductions). As shown in Chapter 2, there is a 

wealth of genetic information gained from using DNA from minimally invasive skin swabs. To 

this, in Chapter 3, I build on Chapter 2 to take advantage of a similar assay to target Bd genomic 

regions. I compare two locations, the Sierra Nevada of California and Central Panama, and closely 

re-examine two of the most iconic amphibian community declines ever documented. At fine spatial 

resolution, we use methods in both phylogenetics and population genetics to interrogate and 

compare patterns of Bd evolutionary history. 
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CHAPTER 3 DIVERGENT EVOLUTIONARY HISTORIES OF PATHOGEN 

BATRACHOCHYTRIUM DENDROBATIDIS BETWEEN TWO REGIONS WITH 

EMBLEMATIC PATTERNS OF AMPHIBIAN DECLINE 
 

Andrew P. Rothstein, Allison Q. Byrne, Roland A. Knapp, Cheryl J. Briggs, Jamie Voyles, 

Corinne L. Richards-Zawacki, and Erica Bree Rosenblum 

 

3.1 ABSTRACT 
 

Emerging infectious diseases are a pressing threat to global biological diversity. The 

increased incidence and severity of novel pathogens of wildlife underscores the need for 

methodological advances to understand pathogen emergence and spread. Here we take a genetic 

epidemiology approach to test – and challenge – key hypotheses about a devastating zoonotic 

disease impacting amphibians around the world. We used a cost-effective, amplicon-based 

sequencing method and non-invasive samples to retrospectively investigate the history of the 

fungal pathogen Batrachochytrium dendrobatidis (Bd) in two emblematic systems. The montane 

amphibian communities of the Sierra Nevada of California and Central Panama both experienced 

precipitous Bd-related declines. The prevailing hypothesis in both regions is that the hypervirulent 

Global Panzootic Lineage of Bd (BdGPL) was recently introduced and subsequently spread in a 

rapid and wave-like fashion. Our data challenge this hypothesis and demonstrate that disease 

outbreaks with similar epizootic signatures can still have radically different underlying 

evolutionary histories. Our genetic data from Central Panama confirm a recent and rapid spread of 

the pathogen in this region. However, BdGPL in the Sierra Nevada has remarkable spatial 

structuring, high genetic diversity, and a much older history inferred from time-dated phylogenies. 

The observed level of microgeographic structure within BdGPL in the Sierra Nevada has not yet 

been described anywhere else in the world. Thus, this deadly pathogen lineage may have a longer 

history in some regions than previously thought, which may provide insights into its origin and 

spread. Overall, our results highlight the importance of integrating field observations of wildlife 

die-offs with genetic data to more accurately reconstruct pathogen outbreaks. 
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3.2 INTRODUCTION 
 

Globalization has contributed to a surge in the incidence, severity, and spread of emerging 

infectious diseases [1,e.g. 2,107,108]. Emerging diseases of wildlife are particularly important to 

global biological diversity as they can cause devastating population declines and exacerbate other 

threats such as habitat loss, overharvesting, invasive species, and climate change [10,109–114]. 

Recent advances in the study of disease emergence and spread integrate epidemiological and 

genetic data to test theoretical predictions about the ecological history of the pathogen given the 

underlying evolutionary signal [34–36]. However, most applications of this approach have been 

for quickly evolving pathogens (i.e. RNA viruses) and those that directly impact human health. 

There have been a handful of studies applying methodological advances in genetic epidemiology 

to emerging wildlife diseases [see recent reviews 37–39], but such frameworks are still largely 

underutilized. 

Amphibians are declining worldwide [12,115]. One of the major drivers of amphibian 

declines is the global spread of the disease chytridiomycosis, caused by the fungal pathogen 

Batrachochytrium dendrobatidis (Bd) [13]. Bd infects the keratinized skin cells of susceptible host 

species, disrupts vital amphibian skin functions, and can cause mortality [18]. In some cases, Bd 

infections can spread quickly across individuals, populations, and species, leading to epizootic 

outbreaks and population and community collapses [14,116]. Since the earliest observations of Bd 

related die-offs in late 1990s, Bd has emerged as a global threat to amphibian biodiversity and now 

impacts amphibians on every continent where they are present [12]. 

Bd has a complex evolutionary history with multiple lineages found in different parts of 

the world. Phylogenetically, Bd is characterized by several early branching lineages endemic to 

different regions (BdCAPE, BdASIA1, BdBrazil/ASIA2, and BdASIA3) and one more recently 

derived hypervirulent panzootic lineage (BdGPL) [10,117,118]. BdGPL has been linked to 

declines of amphibian communities around the world and is the only Bd lineage with a truly global 

distribution [10]. Whole-genome data have been important for revealing dynamics of BdGPL 

spread [10,119]. BdGPL typically exhibits little phylogenetic or spatial genetic structure (with the 

exception of two subclades BdGPL-1 and BdGPL-2) [120,121], suggesting that this lineage spread 

rapidly around the world [118,119]. Moreover, compared to other Bd lineages, BdGPL genomes 

have fewer pairwise genetic differences among them and highly variable genetic diversity values 

[10]. Observations of minimal pairwise genetic differences are consistent with rapid BdGPL 

spatial radiation, and variability in genetic diversity suggests episodes of population size 

fluctuation. However, we still lack a connection between our understanding of Bd evolutionary 

history at a global scale and regional Bd emergence and spread. 

Two of the most emblematic BdGPL-related declines occurred in the montane amphibian 

communities of the Sierra Nevada of California and Central Panama. In the Sierra Nevada of 

California, mountain-yellow legged frogs (Rana sierrae/muscosa), were historically one of the 

most abundant vertebrates [122]. Over the last century, these frogs vanished from more than 90% 

of their historic range, and Bd (along with invasive fish) was a significant factor in their decline 

[123]. Available information suggests that Bd has been spreading across the Sierra Nevada since 

at least the 1960s [124,125] and has caused epizootics and subsequent extirpations in hundreds of 

populations [31,32,116]. Some populations that experienced Bd-related declines are beginning to 

rebound, but remaining naïve populations are still at risk for Bd epizootics [126]. Similarly, in 

Central America, amphibian population declines were first observed in the late 1980s [127–129]. 

As Bd spread southeast into Central Panama starting in the early 2000s [14], many susceptible 
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amphibian host species declined –or even disappeared completely – across the region [14,130–

134]. Although some species seem to be recovering [133], Bd-related declines have fundamentally 

reshaped these tropical communities [131,135,136].  

From an epizoological perspective, amphibian declines in the Sierra Nevada and Central 

Panama appear quite similar. In both regions, initial detection of Bd was followed by devastating 

outbreaks and host mortality. Patterns of decline in both the Sierra Nevada and Central Panama 

also appear to provide evidence of a “wave”-like spread of Bd across the landscape [116,137] 

Pathogen prevalence and population decline data in both systems suggest that new infections 

appear in a predictable spatial direction and that Bd outbreaks move a predictable distance each 

year [14,116,137]. Coupled with a global phylogenetic view of Bd, the prevailing hypothesis 

suggests that BdGPL is recent invasive pathogen in these two regions [138]. However, 

epizoological data based on observed outbreaks and host outcomes may or may not reflect the true 

history of Bd arrival and spread. The Sierra Nevada and Central Panama differ dramatically in 

climate, habitat, and amphibian community composition. Therefore, although it is often assumed 

that Bd arrived recently and spread in a wave-like fashion in both regions, it is possible that 

different evolutionary histories of Bd underlie these observed patterns.  

Molecular data can reveal nuances of a pathogen’s history that cannot be obtained by field 

observations alone. Genetic and genomic approaches have previously been used to investigate the 

evolutionary history of Bd at regional and global scales [10,118,119,139]. However, most studies 

of the evolutionary history of Bd in emblematic systems like the Sierra Nevada and Central 

Panama have relied on a small number of Bd isolates for any one region. Live and pure Bd cultures 

have been the source of high-quality DNA for genomic sequencing (e.g., [10,119,140]) but are 

inherently challenging to obtain, isolate, and maintain. Low sample sizes and poor spatial coverage 

has made it difficult to test fine-scale hypotheses about Bd emergence and spread. However, 

advances in sequencing technology now allow for leveraging fine-scale sampling of frog skin 

swabs, previously used to determine Bd presence/absence and load, to robustly characterize Bd 

genotypes across relevant spatial scales [141]. Thus, we can now test whether patterns of Bd 

emergence that appear similar across systems result from shared underlying processes. 

We used fine-scale genetic sampling to investigate assumptions about the history of 

BdGPL in the Sierra Nevada and Central Panama. Using non-invasive skin swabs collected across 

similar spatial and temporal scales, we targeted hundreds of loci across the Bd genome to examine 

the hypothesis of recent Bd emergence and unidirectional epizootic spread in these two emblematic 

systems. Our work provides an in-depth understanding of pathogen evolutionary dynamics in 

natural systems and highlights the importance of integrating genetic and epizoological approaches 

for emerging wildlife diseases. 

 

3.3 MATERIALS AND METHODS 
 

Sampling and Sequencing 

We used skin swab DNA samples collected from the Sierra Nevada and Central Panama 

across similar timescales (2011-2017) and across equivalent spatial scales (~130km across 

Euclidean distance between furthest two sites) (Fig 3.1A). Sites are defined as collections of lakes 

and streams that cluster together geographically within a region. We sampled 10 sites from both 

the Sierra Nevada (n=130 swabs) and Central Panama (n=80 swabs). Sierra Nevada samples 

comprised skin swabs from two sister species of frogs (R. sierrae/muscosa) [123] and Central 

Panama samples comprised skin swabs from 16 different frog species. Additionally, we included 
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120 previously sequenced samples from a global BdGPL dataset for downstream analyses to 

compare Sierra Nevada and Central Panama regions [117]. The global BdGPL dataset included 

samples across 59 frog species from continental regions of Africa (n=3), Americas (n=69), Asia 

(n=24), Australia (n=1), and Europe (n=23). 

We genotyped Sierra Nevada and Central Panama Bd from skin swab samples across 240 

regions (each 150-200bp long) of the Bd genome using a custom assay [141]. We extracted DNA 

using either PrepMan Ultra Reagent or Qiagen DNEasy kits. DNA from skin swabs typically 

contains many PCR inhibitors that can interfere with downstream data quality, so we used an 

isopropanol precipitation to purify swab extractions. Given the small amount of DNA available 

from skin swabs versus traditional DNA sources, we used a pre-amplification step in two pools of 

120 primer pairs (416.6nM concentration). Each pre-amplification PCR reaction used the FastStart 

High Fidelity Reaction PCR System (Roche) with the following concentrations: 1x FastStart High 

Fidelity Reaction Buffer with MgCl2, 4.5mM MgCl2, 5% DMSO, 200µM PCR Grade Nucleotide 

Mix, 0.1 U/µl FastStart High Fidelity Enzyme Blend. We removed other potential PCR inhibitors, 

such as excess primers and unincorporated nucleases, using 4 µl ExoSAP-it (Affymetrix Inc.) and 

diluted 1:5 in nuclease-free water. 

Following pre-amplification, we applied a microfluidic PCR approach using the Fluidigm 

Access Array platform. Pre-amplified products were loaded into a Fluidigm Access Array IFC, 

individually barcoded, then pooled for sequencing on ¼ of an Illumina MiSeq lane with 2 x 300bp 

paired-end reads at the University of Idaho IBEST Genomics Resources Core. From raw sequence 

reads, we used the dbcAmplicons software (https://github.com/msettles/dbcAmplicons) to trim 

adapter and primer sequences. Paired-end reads were merged to build continuous reads to extend 

the length of amplicon using flash2. We de-multiplexed and filtered sequences using the 

reduce_amplicons.R script within the dbcAmplicons repository into two sequence types: 

ambiguities and raw fastq for each sample. Ambiguities sequence files used IUPAC ambiguity 

codes to identify multiple alleles. Raw fastq files are all sequences for each sample. Ambiguity 

sequences were used for phylogenetic analyses and the fastq by sample was used for alignment, 

variant calling, and PCA. 

 

Variant Calling 

After de-multiplexing, we used bwa software (“mem” mode) to align reads to our reference 

target regions [142]. From the resulting BAM files, we filtered by read depth for each amplicon 

for each individual. We required that each individual had an average read depth >5 for per 

amplicon to pass the filter. All reads from amplicons that passed the depth filter were moved into 

a new .bam file for that individual. Using a filtered BAM file from alignments, we applied 

FreeBayes, a Bayesian genetic variant detector that identified haplotype-based SNP calls [143]. 

FreeBayes software was used to remove singleton alleles and created phased haplotypes encoded 

as alleles. Following singleton removal and phasing, we used default FreeBayes parameters and 

called SNPs only within reference sequences for all 240 amplicons. The resulting dataset was a 

raw VCF file that we used for subsequent SNP filtering. We filtered SNPs using standard quality 

control parameters through vcftools (removed alignment mapping quality less than 30, supported 

base quality less than 20, minimum supported allele quality sum = 0, and proportion of genotypes 

called <50%). Lastly, we removed samples from analyses that contained a high proportion of 

missing data (>50%) [144]. Post filtering, we recovered 2,268 variable sites across 235 amplicons. 

Our resulting VCF included 130 Sierra Nevada samples, 80 Central Panama samples, and 120 

global BdGPL samples for downstream analyses. 

https://github.com/msettles/dbcAmplicons
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Genetic Diversity 

 Using our filtered VCF, we applied PCA to examine genetic clustering and structuring 

among the Sierra Nevada, Central Panama, and global samples. We estimated PCs using adegenet 

[145] and visualized in R (v.3.6.1). We calculated summary diversity statistics using ANGSD 

[146]. Given that sample sizes can greatly impact diversity metrics, we randomly subsampled our 

Sierra Nevada and global BdGPL samples to equal the number of Central Panama samples (n=80). 

Additionally, 49 amplicons were previously developed as Central Panama-specific markers and 

were removed, leaving 186 amplicons for diversity statistics. Using our filtered BAMs from our 

variant calls, we generated a folded site frequency spectrum given an unknown ancestral state. 

After estimating site frequency spectrum for each region, we calculated per-site Watterson’s θ and 

π for the Sierra Nevada, Central Panama, and global BdGPL samples. We tested for significant 

differences in mean Watterson’s θ and π and using analysis of variance followed by Tukey’s HSD 

in R (v. 3.6.1), given that we had multiple pairwise comparisons of our global BdGPL reference, 

Sierra Nevada, and Central Panama samples. 

 

Phylodynamics 

We created a phylogeny including Sierra Nevada, Central Panama and our global BdGPL 

reference panel. We removed amplicons that had no data and included samples that had least 20 

amplicons. We trimmed loci that had >5bp difference between minimum and maximum sequence 

length to control for improper alignments near large indels. A final list of 206 loci were 

individually aligned using the MUSCLE package in R [v.3.6.1, 147] and concatenated (28,688 bp 

in length). We also included an outgroup of BdBrazil using previously published sequences from 

UM142 [117]. 

With our concatenated alignment and recorded sampling years, we inferred time-measured 

phylogenies using both BEAST2 [148] and Nextstrain [149]. For BEAST2 we used a GTR 

substitution model with estimated mutation rates 7.29x10-7 (lower; 3.41 × 10-7, upper; 1.14 × 10-

6) and extended Bayesian skyline plot as demographic parameter [10]. Using this model, we ran a 

chain which drew samples every 3,000 MCMC steps from a total of 575,000,000 steps, after a 

discarded burn-in of 57,500,000 steps. Convergence of distribution and effective sample size >150 

were checked through Tracer (v.1.7.1) [150]. Our best supported tree was estimated using 

maximum clade credibility through TreeAnnotator (v. 2.6) and was visualized using FigTree 

(v.1.4.4).  

We used Nextstrain for visualization comparison. Briefly, Nextstrain applies a maximum 

likelihood ancestral state reconstruction of discrete traits (e.g. sites) and also uses locations and 

timing to infer potential transmission events across nodes of a tree [149]. Using the augur pipeline 

within Nextstrain, we applied a GTR substitution model with the same substation rate as our 

BEAST2 model at 7.29x10-7 substitutions per year (SD± 4.0x 10-7). We estimated standard 

deviation using the average distance between O’Hanlon et. al. (2018) substitution rate compared 

to both the lower and upper bound values. The model assumed an uncorrelated lognormal relaxed 

clock and, to minimize demographic history assumptions, we applied an extended Bayesian 

skyline plot. Using auspice within Nexstrain, we built a single tree and map that color coded by 

region and global BdGPL reference panel as well as by site for Sierra Nevada and Central Panama 

to infer within-region transmission events.  

It is important to note that we used BEAST2 and Nextstrain as analytical frameworks to 

compare patterns between the Sierra Nevada and Central Panama but not to infer exact introduction 
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dates. Applying the same evolutionary models across two geographic regions provides a powerful 

comparative tool and allows us to infer relative evolutionary rates and introduction timings. 

However, we interpret specific dates with great caution given that patterns of Bd genome evolution 

may violate a number of model assumptions (e.g., variation across the genome in recombination 

and mutation rates, variation in chromosomal copy numbers, potential for both meiotic and mitotic 

recombination) [119,140] and because our sampling dates do not necessarily correspond to first 

introduction dates. Given that any violation of basic model assumptions would be shared across 

study regions, comparisons between the Sierra Nevada and Central Panama can be used to draw 

conclusions about the relative invasion history in these regions. 

 

3.4 RESULTS 
 

Bd from the Sierra Nevada shows greater population structure than Bd from Central Panama 

When comparing within regions, we found significant genetic clustering across the Sierra 

Nevada (Fig 3.1B) but no genetic clustering across Central Panama (Fig 3.1C). Samples collected 

from the same site in the Sierra Nevada clustered together, regardless of collection year. Starting 

with Unicorn Ponds at the north, samples generally follow a pattern of isolation by distance. 

LeConte Divide and Conness Pond are somewhat anomalous however because they overlap in PC 

space but are geographically separated by ~80 km (Fig 3.1B). In contrast, Central Panama 

genotypes exhibited panmictic patterns, regardless of locality or collection year, indicating no 

genetic structuring across a similar spatiotemporal scale (Fig 3.1C).  

 

Bd from the Sierra Nevada shows greater variation and diversity than Bd from Central Panama  

We confirmed that Bd from Sierra Nevada and Central Panama belong to the global 

BdGPL lineage. However, Sierra Nevada and Central Panama samples clustered separately from 

each other in PC space when compared to global BdGPL samples (Fig 3.2A). Additionally, we 

found that overall genetic diversity was significantly higher in the Sierra Nevada as compared to 

Central Panama [Tukey HSD, p < 0.0001] (Fig 3.2B-C). Remarkably, we also found that Sierra 

Nevada Bd samples have comparable and, in the case of Watterson’s θ, higher diversity than the 

set of global BdGPL samples [Tukey HSD, p < 0.0001]. When comparing Central Panama and the 

Sierra Nevada using individual sites with similar samples sizes, we found that the majority of 

Sierra Nevada sites had higher mean diversity compared to Central Panama sites (both Watterson’s 

θ and π) [Tukey HSD, p<0.001], except in the lowest sample size pairing (N=5) where El Valle S. 

had significantly higher mean diversity than LeConte Divide (Fig 3.4). 

 

Bd in the Sierra Nevada is inferred to be older than Bd in Central Panama 

Using a time-dated phylogenetic approach that included previously published global 

BdGPL samples for reference [117], we found branches from Sierra Nevada samples were 

comparatively older than those in Central Panama (Fig 3.3, Fig 3.5). As discussed in the Materials 

and Methods, we do not assume the specific inferred dates are accurate given the likelihood that 

dynamics of Bd genome evolution violate several model assumptions. However, comparing the 

results across regions provides important data on relative invasion histories. For BEAST2, the time 

to most recent common ancestor (tMRCA) for Sierra Nevada samples was estimated to be 474 

years from present day (95%HPD 510-393 years from present day) and estimated tMRCA in 

Central Panama was 277 years from present day (95%HPD 389-60 years from present day) (Fig 

3.3). For Nextstrain, tMRCA for Sierra Nevada samples was estimated as 1407 years from present 
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day (95% CI 4,498 - 1,151) and tMRCA for Central Panama was estimated as 666 years from 

present day (95% CI 1,914 - 534) (Fig 3.5); dynamic Nextstrain visualizations are available at: 

https://nextstrain.org/community/andrew-rothstein/bd-gpl/auspice/viz. Therefore, even without 

ascribing weight to specific inferred dates, Bd in the Sierra Nevada appears to be much older than 

Bd in Panama. Confidence intervals for the inferred tMRCA do not overlap between regions with 

either analysis. The BEAST2 and Nexstrain time-dated phylogenetic approaches also corroborated 

PCA results (Fig 3.1). Sierra Nevada samples largely clustered by site while Central Panama 

samples had little to no structure based on site location. (Fig 3.5 B, C) Finally, phylogenetic trees 

show an expected split within BdGPL. The groupings correspond to a previously reported split 

separating BdGPL into two subclades: BdGPL-1 and BdGPL-2[120,121]. Only GPL-2 is 

represented in Panama samples while GPL-1 and GPL-2 are both found in the Sierra Nevada 

samples. 

 

3.5 DISCUSSION  
 

Bd has caused mass amphibian declines in many regions of the world 

[12,14,15,116,137,151,152]. However, assessments of Bd emergence and spread have yet to 

incorporate genetically-informed epizoology to examine Bd dynamics at fine spatial scales. Our 

study used comparative population genetics to examine the genetic signatures of BdGPL across 

two emblematic regions with disease-related amphibian declines. The alpine lakes of the Sierra 

Nevada and the tropical forests of Central Panama have dramatically different climate, habitat, and 

host communities. However, they have been described as having similar histories of recent Bd 

emergence and spread. We tested the assumption that BdGPL was recently introduced to these two 

regions and swept through each in a unidirectional epizootic wave. We found dramatic differences 

in Bd evolutionary history across regions, with an unexpectedly deep history of Bd in the Sierra 

Nevada. Here we explore differences across regions, providing a new perspective on these 

important historic declines. 

 

How do patterns of pathogen genetic variation differ across regions?  

 

BdGPL in Central Panama is genetically similar and spatially unstructured  

Our results from Central Panama support the hypothesis of a recent introduction, with Bd 

in this region lacking any spatial structure. All Bd genotypes from Central Panama group tightly 

together, are generally distinct from Bd collected in the Sierra Nevada, and are all part of the GPL-

2 subclade. This pattern supports previous studies reporting a single fast-moving outbreak of Bd 

through Central Panama [137]. Our samples from Central Panama were collected approximately 

8 years after observed outbreaks (between 2012-2016), and the observed lack of genetic structure 

indicates that Bd did not diverge on a site-specific basis over this time period. Our findings 

supports other recent studies showing a lack of genetic, phenotypic, and functional shifts in Central 

Panama Bd across similar temporal scales [133]. BdGPL appears to have arrived in Panama 

relatively recently (within the last 250+ years), maintained low levels of genetic diversity, and, 

over the last two decades, currently has no detectable genetic sub-structure. 

 

BdGPL in Sierra Nevada is genetically diverse and spatially structured 

We observed a dramatically different pattern in the Sierra Nevada, where we found high 

levels of genetic variation between sampling sites and spatial structuring of Bd genotypes. 

https://nextstrain.org/community/andrew-rothstein/bd-gpl/auspice/viz
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Although Bd samples were collected across a similar spatial and temporal scale as those from 

Panama, our genetic data indicates that BdGPL has likely had a much longer historical presence 

in the Sierra Nevada than it has in Panama This conclusion is supported by multiple lines of 

evidence. First, Sierra Nevada Bd contains more genetic variation and diversity than Central 

Panama (Fig 3.2A). Measures of nucleotide diversity (π), are higher in Sierra Nevada Bd samples 

compared to Central Panama and Sierra Nevada Bd genetic diversity (Watterson’s θ) is 

significantly higher than the entire global panel of BdGPL samples (Fig 3.2B). This result is 

consistent with previous evidence that BdGPL in the Sierra Nevada has higher levels of genetic 

diversity than BdGPL from Arizona, Mexico, or Central Panama [153]. Second, we also observed 

a surprising pattern of spatially-structured genetic diversity for BdGPL in the Sierra Nevada. Sierra 

Nevada BdGPL genotypes typically cluster by site and segregate by geographic distance in PC 

space and in the phylogeny (Fig 3.1B, Fig 3.3B). Much of the observed genetic structure in the 

Sierra Nevada is consistent with a pattern of isolation by distance, suggesting a much longer history 

of Bd on the landscape. Third, even the exceptions to the pattern of isolation by distance suggests 

a deeper and more complex history of Bd in the Sierra Nevada. Samples from LeConte Divide and 

Conness Pond are genetically distinct from all other samples in the Sierra Nevada and cluster in 

PC space (Fig 3.1B). These samples belong to a separate, early-branching clade referred to as 

GPL-1 (Fig 3.3). The presence of both BdGPL-1 and BdGPL-2 subclades could represent multiple 

independent introductions or much deeper in-situ divergence, possibilities we revisit below. 

 

What do regional differences suggest about BdGPL origin and invasion history? 

 
BdGPL in Sierra Nevada likely predates the most recently observed wave of declines 

One key factor that could contribute to radically different patterns of Bd genetic variation 

between Central Panama and the Sierra Nevada is invasion history (the timing and number of 

introductions). Our Nextstrain and BEAST2 analyses infer that Bd from the Sierra Nevada is older 

than Bd from Central Panama (Fig 3.3, Fig 3.5). While our inference indicates that BdGPL has 

been in the Sierra Nevada longer than Central Panama, it is difficult to assert specific invasion 

dates. As discussed in the Materials and Methods section, patterns of Bd genome evolution may 

violate a number of model assumptions. Although our analyses used a species-specific mutation 

rate inferred from Bd whole genome analyses [10] our assay targets regions of the Bd genome that 

are most informative for discriminating among Bd lineages [141] and therefore may not evolve 

with a shared background mutation rate. Even without specific introduction dates, studies using 

histology and qPCR to test for Bd presence in museum specimens have often shown Bd presence 

prior to field-observed die-offs [124,154,155], which could indicate older introduction timings 

than previously assumed. As such, Bd presence has been detected in samples as far back as 1932 

in Sierra Nevada [124] and 1964 in Costa Rica (adjacent to Panama) [154]. 

Moreover, field observations suggest that Bd may be present in the environment well 

before an outbreak is observed. In some lakes, Bd is present at almost undetectably low prevalence 

and load for years before Bd loads spike and die-offs occur [82,116,126]. In some systems, Bd can 

even be detected from eDNA surveys before die-offs occur [156]. Such dynamics challenge our a 

priori expectations that Bd die-offs occur immediately after the pathogen first arrives in an area. 

In some systems, such as the Sierra Nevada and parts of Costa Rica [124,154,155], it is possible 

that Bd had a more wide-spread presence earlier than perceived. Whether there actually were 

earlier Bd-caused die-offs remains an open question. Increased surveillance of Bd before and 
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during early outbreaks is needed to decouple initial pathogen invasion from observed pathogen-

induced declines. 

 

The Sierra Nevada is a potential source for BdGPL 

High levels of genetic variation, deep spatial genetic structure, and the presence of both 

sub-clades of BdGPL in the Sierra Nevada suggest a longer evolutionary history of Bd in the region 

than previously appreciated. Presence of both BdGPL-1 and BdGPL-2 could represent multiple 

asynchronous invasions of BdGPL, a hypothesis raised by another recent spatial-temporal study 

of Bd presence in the Sierra Nevada[124]. An alternative explanation is that California is a 

potential source of Bd that has spread to other regions. As sampling resolution improves, it is 

possible that we will find other regions of the world with highly diverse and spatially structured 

BdGPL populations. However, it is also worth continuing to challenge our assumptions about the 

origin and spread of this lineage. While the most basal lineage of Bd is from Asia [10], the origin 

of BdGPL remains highly uncertain. Although we often assume that BdGPL presence results from 

recent invasions, the region from which BdGPL originated would be expected to have general 

characteristics similar to what we observe in the Sierra Nevada (i.e., relatively high genetic 

diversity and deep spatial structure). No such region other than the Sierra Nevada has yet been 

identified. Global sampling with greater spatial and temporal resolution will be needed to 

ultimately determine the origins of this highly virulent Bd lineage. 

 

How do biotic and abiotic factors influence observed Bd genetic variation? 

 

Differences in topography, host life-history, community structure, and climate also likely 

contribute to divergent patterns of pathogen genetic structure across regions 

Biotic and abiotic factors also likely influence patterns of Bd genetic variation in a 

consistent direction, with increased opportunity for pathogen mixing in Central Panama relative to 

the Sierra Nevada. Central Panama is home to a diverse amphibian assemblage, with dozens of 

sympatric species that use a variety of microhabitats and have different reproductive modes 

[14,131]. A diverse host community in Panama with year-round activity and some direct 

developing species (i.e., those without an aquatic larval phase) could provide more opportunities 

for Bd spread [131,157]. Central Panama contains landscape features that may be barriers to 

dispersal for some amphibian species [158], but interconnected stream networks still allow for 

fairly high connectivity among sites. In contrast, in the Sierra Nevada, our samples are from the 

only common - and highly susceptible - amphibian species in the alpine lake habitats (Rana 

sierrae/muscosa) [159,160]. Rana sierrae/muscosa have high site fidelity, limited overland 

movements, spend the majority of each year under ice, and inhabit disjunct alpine lakes separated 

by high mountain passes [161–163]. These features all impede connectivity among host 

populations and provide fewer opportunities for Bd dispersal [164]. Therefore, landscape and host 

factors consistently provide decreased opportunities for Bd gene flow in the Sierra Nevada, which 

is reflected in greater pathogen spatial structure in this region. 

In addition, Central Panama is significantly warmer and wetter than the Sierra Nevada. 

Temperature differences are particularly important because warmer temperatures (to a point) can 

lead to faster pathogen growth, increased number of generations per year, and greater opportunity 

for rapid evolutionary change [165–167]. Slower Bd growth, generation time, and evolutionary 

rates in the Sierra Nevada compared to Central Panama, make the patterns of higher genetic 

diversity and strong spatial genetic structure in the Sierra Nevada all the more interesting. 
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How can pathogen genetic data help inform wildlife disease mitigation efforts? 

 

Ultimately, integrating genetic, spatial, and epizootic data within an evolutionary 

framework is a powerful way to understand dynamics of emerging diseases of wildlife. Typically, 

studies of wildlife disease dynamics rely on a priori assumptions about pathogen introductions 

(i.e., based on earliest infection known from wild populations or museum records). However, our 

results clearly demonstrate that outbreaks with similar epizoological signatures can still have 

radically different underlying pathogen histories. In our study, two regions with similar observed 

epizoological patterns in the field exhibit dramatically different pathogen evolutionary histories. 

In fact, one of the regions – the Sierra Nevada – has considerable pathogen diversity and genetic 

structure. Supporting evidence suggests that Bd in this region may persist in populations of highly 

susceptible host species at very low levels over many years without causing epizootics, opening 

the possibility that the pathogen has a much longer evolutionary history than previously 

appreciated. When we treat all population declines as the same, we overlook important nuances 

that could assist on-the-ground recovery and mitigation efforts. For example, if we incorporate Bd 

genotype data into choices of donor frog populations when planning translocations and 

reintroductions, we can mitigate human-induced mixing of Bd genotypes. Such actions could be 

an important component for species recovery efforts. By combining genetic and epizoological 

data, we can better understand differences in pathogen invasion history across regions and support 

more effective policies for biodiversity conservation and management.  
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Fig 3.1. Study system map and principal component analysis of within region genotypes. (A) Map of sites sampled in 
the study in the Sierra Nevada and Central Panama. (B) PCA within Sierra Nevada samples, colored by major site. 

Samples cluster by site, suggesting strong genetic structuring across the Sierra Nevada. (C) PCA within Central 

Panama samples, colored by site. Compared to samples from the Sierra Nevada, Central Panama samples exhibit a 

dramatically different pattern, i.e., panmixis, despite a similar spatial and temporal scale of sampling.
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Fig 3.2. Genetic differentiation and diversity among Sierra Nevada, Central Panama, and Global BdGPL samples. (A) PCA based on BdGPL genotypes from the 

Sierra Nevada (n=130), Central Panama (n=80), and global reference panel (n=120). Colors indicate samples from each region. The global reference panel included 

samples from dozens of frog species across all continents with BdGPL. Samples from Sierra Nevada and Central Panama are almost entirely separated in PC space 

with the Sierra Nevada samples showing greater genetic variation than Central Panama samples. (B) Distribution of mean genetic diversity (Watterson’s ϴ) for all 

variable sites based on region. Samples from Sierra Nevada and global panels were randomly subsampled to match Central Panama sample size (all regions n=80). 
Mean genetic diversity was significantly higher for Sierra Nevada samples compared to Central Panama samples and to the global BdGPL panel [Tukey HSD, p < 

0.0001]. (C) Distribution of mean nucleotide diversity (π) for all variable sites based on region using the same samples as panel B. Mean nucleotide diversity was 

significantly lower for Central Panama samples compared to Sierra Nevada samples and the global BdGPL panel [Tukey HSD, both p<0.0001]. Each box plot 

shows the median (horizontal line), first and third quartiles (bottom and top of box, “hinges”), lowest and highest values within inter-quartile range of the lower 

and upper hinges (vertical lines), and outliers (points). 
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Fig 3.3. BEAST2 timed dated phylogeny among Sierra Nevada, Central Panama, and Global BdGPL samples. Branch tips are color coded by region. The tree is 

rooted by an outgroup from a more basal Bd lineage (BdBrazil isolate UM142). Sierra Nevada samples are found across the tree, in multiple clusters, and with 

longer branch lengths than Central Panama samples suggesting a longer history of Bd in this region.  
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Fig 3.4. Regional site comparisons of genetic diversity between Sierra Nevada and Central Panama. (A) Distribution of mean genetic diversity (Watterson’s ϴ) of 

variable sites paired by Sierra Nevada and Central Panama locations with equal samples sizes. (B) Distributions of mean nucleotide diversity (π) for all variable 

for same locations as panel A. In both measures of diversity, samples from Sierra Nevada were significantly higher in all cases except N=5 where Central Panama 

was higher [Tukey HSD, p < 0.0001]. Each box plot shows the median (horizontal line), first and third quartiles (bottom and top of box, “hinges”), lowest and 

highest values within inter-quartile range of the lower and upper hinges (vertical lines), and outliers (points). 
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Fig 3.5. Static Nextstrain visualizations for time-dated phylogenies. (A) all samples colored by region, (B) Sierra 

Nevada samples colored by site, (C) and Central Panama samples colored by site. Sierra Nevada samples are highly 

structured by site across the phylogeny while Central Panama samples lack structuring by site. Although the specific 

inferred dates are not biologically meaningful, the comparison across regions is important and suggests that BdGPL 

has a much longer history in the Sierra Nevada than in Central Panama. 



 

45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

46 

 

 In Chapter 3, I focused on two regions that are exemplars of dramatic amphibian declines 

from Bd: the temperate alpine lakes of the Sierra Nevada of California and the tropical montane 

forests of Central Panama. Decades of work in these two areas have characterized Bd as a novel, 

recently introduced pathogen that subsequently spread in a “wave-like” progression across the 

landscape. Despite similar stories of disease emergence, we find remarkably different patterns of 

evolutionary history. Specifically, the Sierra Nevada of California, we found evidence of a highly 

structured Bd population, indicating a long historical presence in the area. The high genetic 

structuring of Bd in the Sierra largely aligns with genetic structuring of frog populations by 

location in Chapter 2. The results of Chapter 2 and Chapter 3 provides a framework to expand 

sampling in Chapter 4 across the entire range of Rana muscosa/sierrae to build a comprehensive 

genomic assessment to inform conservation efforts. Collective results from Chapter 3 and 

Chapter 4, conservation of Rana muscosa/sierrae will have the most complete genomic picture 

of both endangered host populations and the pathogen implicated in its decline.  
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CHAPTER 4 RANGEWIDE CONSERVATION GENOMICS USING AMPLICON-
BASED SEQUENCING FOR THE MOUNTAIN YELLOW-LEGGED FROG SPECIES 

COMPLEX (RANA MUSCOSA/SIERRAE)  
 

Andrew P. Rothstein, Lydia L. Smith, Hannah Kania, Roland K. Knapp, Daniel M. Boiano, Cheryl 

J. Briggs, Adam R. Backlin, Robert N. Fisher, and Erica Bree Rosenblum 

 

 4.1 ABSTRACT 
Insights from conservation genomics have dramatically improved the recovery plans for 

numerous endangered species. However, certain imperiled groups, such as amphibians, have yet 

to benefit from the full application of genomic technologies. Despite a critical need for genomics-

informed recovery actions, amphibians’ large and complex genomes create a barrier for rapid and 

affordable genomic applications. One species complex, Rana muscosa and sierrae, that inhabit the 

Sierra Nevada Mountains of California are an exemplar of this tension. Rana muscosa/sierra have 

declined precipitously throughout their range, but conservation management plans are still based 

off a single mitochondrial gene. Our study took advantage of archived skin swabs, previously used 

in the detection of the amphibian chytrid fungus (Batrachochytrium dendrobatidis) to genotype 

frog populations across the range. With a robust data set from 373 samples across 276 frog 

populations and 50 nuclear markers, we found eight major genetic clusters. Though we observed 

strong genetic clustering, we also found some admixture across these boundaries, suggesting a 

stepping stone model of population structure. We also found that genetic diversity is relatively 

uniform across genetic clusters with a few exceptions. We explore how these insights could 

immediately and drastically inform on-the-ground conservation efforts. Overall, our results 

provide clarity on management units across the range of a highly endangered species and highlight 

how genomics can be used to interrogate complexities of disease-related amphibian declines.  
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4.2 INTRODUCTION 
 

The era of genomics has ushered in countless methodological approaches for the 

conservation of natural and managed populations [29,40,168]. Historically, conservation genetics 

used only a handful of genetic markers (e.g. microsatellites or mtDNA) to examine fundamental 

patterns of population structure, diversity, and gene flow [169]. Now, with decreasing cost and 

increasing ease of implementation, researchers can routinely interrogate hundreds and thousands 

of genetic markers and even obtain whole genome-wide resolution for non-model species [24–27]. 

Indeed, methodological advances now allow researchers to answer previously intractable 

questions in conservation biology and pursue more advanced applications of genetic management 

(e.g. inclusion of markers related to adaptive variation and evolutionary rescue) [28,170].  

Amphibians are declining worldwide due to numerous factors such as habitat loss, climate 

change, invasive species, and disease [12,115]. Amphibian conservation often relies on a genetic 

foundation to guide recovery efforts [171]. Usually, species recovery plans include identifying 

management units with the objective of bolstering populations while maintaining historical genetic 

structure and diversity [26,172–175]. To effectively maintain conservation management units 

across populations (e.g. through translocations and reintroduction programs) amphibian recovery 

efforts require comprehensive genetic frameworks [44,176,177]. 

Especially in amphibians, securing genomic resources can be costly and sometimes 

methodologically prohibitive due to large and complex genomes sizes [41–43]. Given these 

restrictions, conservation genomic applications need to identify the appropriate genomic scale to 

match species recovery priorities. More genomic data will always increase resolution and 

confidence in conservation management recommendations. However, at what point does this 

increase become no longer necessary? Answering this question requires balancing an increase in 

genomic resolution while maintaining practical outcomes for conservation [178]. 

The mountain yellow-legged frog species complex (R. muscosa/sierrae) in the Sierra 

Nevada of California is a prime example of active recovery efforts that would benefit from 

increased genomic resolution. R. muscosa/sierrae were once abundant in the high alpine 

communities of California [122,179] but have, since the mid-20th century, precipitously declined 

due to invasive fish [180–184] and the fungal pathogen Batrachochytrium dendrobatidis (Bd) 

[32,116]. Given dramatic declines of these species (over 90% of their historical range) there has 

been an intensive focus on recovering frog populations in the form of translocations and 

reintroductions [164]. Many of these conservation actions have used genetics as a blueprint for 

informing which donor populations to use in recovery actions. 

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 [123]. 

Recent frog population genetic work in both Yosemite National Park and Sequoia and Kings-

Canyon National Parks have shown that - when many nuclear genetic markers are used in tandem 

with higher spatial resolution – these species contain high levels of spatial genetic structure 

[164,185]. Moreover, genetic breaks inferred with multi-locus nuclear data are not always the same 

as those observed in the existing mitochondrial tree [164,185]. Therefore, an updated genetic 

framework for this species complex is critical for managing population and species recovery across 

the landscape. 

For protected amphibian species, like R. muscosa/sierrae, there are some challenges to 

obtaining genome-wide data. The protected status of these species limits collecting high-quality 

DNA sources (e.g. tissue samples). Moreover, even with high quality DNA, the large and complex 
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genomes in these species make building genome-wide resources difficult [186]. To address these 

limitations, our study used a microfluidic amplicon sequencing approach that was developed to 

successfully genotype low DNA quality and quantity skin swab samples. These minimally invasive 

skin swabs were previously collected for Bd surveillance from 276 localities across the species 

range. We assessed patterns of genetic structure and admixture among frog populations and 

explored patterns of genetic diversity among major conservation units. Our goal was to provide a 

definitive analysis of genetic variation for the R. muscosa/sierrae species complex and create a 

framework to inform conservation management decisions. 

 

4.3 MATERIALS AND METHODS 
 

Sampling and DNA extraction  

Given that R. muscosa/sierrae are state and federally protected species, we used a readily 

available and minimally invasive source of DNA - archived skin swabs previously collected for 

Bd surveillance. Samples were originally collected with a standardized approach with each 

individual frog swabbed 30 times on the ventral skin surface. We compiled 373 archived skin swab 

samples from 276 lake basins across the range of R. muscosa/sierrae. Lake basins, which represent 

“populations” in the system, are typically comprised of a series of nearby lakes and streams. We 

sampled both named species Rana muscosa (n=46) and Rana sierrae (n=327). Additionally, we 

incorporated a subset of samples from previously published studies from Yosemite National Park 

(n= 21) (Poorten et al., 2017) and Sequoia and Kings-Canyon National Parks (n=32) [164]. We 

also included phylogenetic outgroups of related Rana species including Rana aurora, Rana boylii, 

Rana cascadae, Rana draytonii, Rana castbeinna, and Rana sylvatica. DNA was extracted from 

swab samples using PrepMan 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 extract we applied 1 uL of DNA per extract to be used 

in amplicon preparation and sequencing. 

 

Fluidigm amplicon sample preparation and sequencing 

We used 50 amplicon markers (400-600bp in length) previously developed for Rana 

muscosa/sierrae and implemented a microfluidic PCR approach to recover nuclear amplicons 

[185]. 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 since skin swabs typically have low quantities of DNA, we implemented a 

pre-amplification step based on manufacturer’s protocols (Fluidigm, 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 Illumina library preparation to include a barcoded tag of each amplicon and each 

sample. Illumina libraries were ran on MiSeq with 2 × 300 bp paired-end reads at the University 

of Idaho IBEST Genomics Resources Core similar to Poorten et al. [185] and Rothstein et al. [164].  

 

Variant Calling 

From raw sequence reads with primers sequences removed, we implemented the 

dbcAmplicons software (https://github.com/msettles/dbcAmplicons) to trim adapters sequences. 

https://github.com/msettles/dbcAmplicons
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Paired-end reads were merged and extended across the length of target amplicons using flash2 

[187]. 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 software (“mem” mode) to align reads to target amplicon regions and created 

BAM files for each individual [142]. From resulting BAM files, we filtered by read depth for each 

amplicon by sample and required an average read depth of ≥ 5 reads per amplicon to pass filtering. 

All reads from amplicons that passed this depth filter were subsequently put into a new .bam file 

for each individual. Using filtered BAM files, we applied bcftools to call and output only variant 

sites for our unfiltered VCF [188]. We limited calls to only within reference 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). We 

removed individual samples that had a high proportion of missing data (>55%) [144]. 

 

Genetic structure  

Using our filtered VCF, we inferred population genetic structure using multiple methods 

including measures of genetic differentiation (FST and isolation by distance), discriminant principal 

components analysis (DPCA), and ADMIXTURE. Both FST calculations and DPCA were 

implemetned in adegenet. To assess number of groupings we implemented the find.clusters 

function to approximate the ideal number of clusters among our groupings. Briefly, find.clusters 

uses a k-means approach to find a given number of groups and maximizing the variation between 

groups while simultaneously transforming data to retain principal components. To identify groups, 

the find.clusters function used increasing values of k (=1-15). We identified the ideal number of 

clusters (lowest Bayesian Information Criterion values) by a flattening of criterion scores. Once 

an ideal number of clusters was found, we plotted for visual interpretation of cluster differentiation. 

Using these groupings, we also compared the amount of genetic differentiation across populations. 

We assessed patterns of isolation by distance by comparing genetic distance (Nei’s) to geographic 

distance (km) and used Monte-Carlo test of 1000 simulations test to assess significant patterns of 

isolation by distance in adegenet. 

We also used ADMIXTURE to explicitly infer population structure among our samples 

[189]. We ran ADMIXTURE on across a range of potential K (=1-15) values. The maximum value 

of K was chosen as more than double the number of clades identified within the mtDNA phylogeny 

[123]. From these individual K runs, we plotted the cross-validation error, similar to DPCA 

Bayesian Information Criterion, and identified the ideal number of clusters. Even with an optimal 

value for K, we evaluated genetic structure amongst a subset of K values within a biologically 

reasonable grouping. Finally, we used an AMOVA for hierarchical structure between identified 

major clusters and sub-lake basins of our samples using ade4. 

 

Genetic Diversity 

 We calculated summary diversity statistics using ANGSD [146]. Using filtered BAMs 

from our variant calls, we generated a folded site frequency spectrum with an unknown ancestral 

state. We calculated per-site diversity (Watterson’s θ) and per-site nucleotide diversity (π) across 

amplicons for each major cluster from our DPCA and ADMIXTURE results. Because estimates 

of Watterson’s θ can be impacted by sample size, we randomly subsampled clusters to have equal 

sample sizes limited by the cluster with the lowest sample size (n=7). We compared significant 
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differences in Watterson’s θ and π by cluster compared to all other clusters (base mean) using 

pairwise Wilcoxon tests. We also calculated significant pairwise comparisons in Watterson’s θ 

and π by group using ANOVA and TukeyHSD correction due to comparisons of multiple means. 

Both tests were implemented in R (v. 3.6.3). 

 

4.4 RESULTS 
 

Pattern of isolation by distance across species range 

 From our amplicon sequence dataset, we recovered 161 samples across 134 populations 

(Fig 4.1A). Site filtering yielded 212 variant sites across 44 nuclear amplicon markers. Percent 

success of our samples was equivalent across all samples (43%) and within species (R. muscosa; 

43% [n=20], R. sierrae; 43% [n=147]). Both Bayesian Information Criterion for DPCA and cross-

validation error in ADMIXTURE identified eight major clusters across our samples (Fig 4.1B-C, 

S1). DPC loadings largely recapitulated geographic locations with LD1 representing latitude and 

LD2 representing longitude. Additionally, our DPCA included 30 PCs which represented 83% of 

variance from our principal components. AMOVA results identified the majority of genetic 

variation was found among our eight clusters (39.8%) with the remainder being represented at the 

population scale (12.1%) and across all samples (34.2%). Monte-Carlo permutation tests 

(permutations=1000) were significant for variation between major clusters (p<0.001) and within 

samples (p<0.001).  

There was largely a pattern of isolation by distance with samples grouping by major cluster 

in both DPC and geographic space (Fig 4.1). Major clusters identified in our study exhibit a 

continuous pattern of grouping by geographic location but there is significant admixture across 

cluster boundaries (Fig 4.1C). Clusters are named based on the primary jurisdictions in which they 

reside: Plumas (Plumas National Forest), Tahoe (Tahoe National Forest), Emigrant (El Dorado 

National Forest and Emigrant Wilderness), Yosemite North (Yosemite National Park), Yosemite 

South (Yosemite National Park), Kings Canyon (Kings Canyon National Park), Sequoia (Sequoia 

National Park), and Sequoia-Southern (Sequoia National Park and Angeles-San Bernardino 

National Forests). We found a significant pattern of isolation by distance across all samples 

(p<0.004). Additionally, given DPCA and ADMIXTURE distinction of Yosemite North and 

South, we found significant difference in levels of genetic differentiation of these clusters against 

all other clusters (p<0.001) (Fig 4.2). 

 

Patterns of genetic diversity 

 Overall, measures of Watterson’s θ and π were relatively even across clusters. In pairwise 

comparisons of mean diversity, there were no significant differences across cluster comparisons. 

However, we found certain clusters that exhibited significant levels of genetic diversity compared 

when grouping all other clusters (Fig 4.3). Tahoe exhibited higher levels of genetic diversity in 

both measures compared to all other clusters (θ; p< 0.0001, π; p< 0.01). Additionally, Yosemite 

North had significantly lower genetic diversity for both measures compared to all clusters (θ; p< 

0.01; π; p< 0.05). Yosemite South (θ; p< 0.05) and Kings Canyon (θ; p< 0.01) were significantly 

different in levels of Watterson’s θ (lower and higher respectively) but this was not observed in 

measures of π. 
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4.5 DISCUSSION 
 

The power of massively parallel sequencing has dramatically transformed the field of 

conservation genetics. However, there are still constraints for many taxa, such as amphibians, that 

have limited genomic resources and complex genomes [26,171,190]. Our study leveraged archived 

skin swab samples across the range of an imperiled species and a custom amplicon-based 

sequencing approach to obtain robust data to inform R. muscosa/sierrae conservation and recovery 

efforts. Previous work identified phylogenetic groupings in R. muscosa/sierrae and named a 

species level split based on mitochondrial, morphometric, and acoustic data [123]. Our work – 

with increased numbers of genetic markers and finer-scale spatial sampling – provides new insight 

on - and challenges current assumptions about - the R. muscosa/sierrae species complex. 

 

Distinct genetic clusters but with some admixture across groups 

In our multi-locus data set, tests for genetic differentiation consistently identified eight 

major clusters (Fig 4.1, Fig 4.2). These genetic clusters are distinct across space and, through 

multiple methods, suggest there is stepping stone model of population genetic structure across the 

species range of R. muscosa/sierrae. A stepping stone model implies that gene flow occurs most 

readily between neighboring genetic groups [191]. Similar to conclusions discussed in Poorten et. 

al. [185] and Rothstein et. al. [164], our results indicate that the boundaries between clusters 

appeared permeable to gene flow (Fig 4.1C). Pairwise FST values were lowest between spatially 

adjacent clusters indicating higher levels of gene flow between closer geographic populations (Fig 

4.5). Importantly, while we observed moderate admixture between adjacent genetic groups, this 

did not erode the distinctness of the eight primary genetic clusters.  

Increased gene flow between proximate populations can also lead to a pattern of isolation 

by distance. Our observation of isolation by distance in this range-wide dataset is consistent with 

previous work within the species complex [123,164,185] and also with other species distributed 

across the Sierra Nevada [192–194]. The observed pattern of isolation by distance and the 

signature of gene flow between neighboring genetic clusters, may result more from historical – 

rather than contemporary - gene flow. In the past, frog populations were more continuously 

distributed across the landscape, but exceptional population declines have left remaining 

populations more spatially disjunct [164]. It is possible that large-scale extirpations have 

contributed to observed genetic patterns. If historical frog populations were still present on the 

landscape, it is possible that genetic variation would appear more continuous than what is 

contemporarily observed. 

In addition, measures of diversity were relatively uniform among clusters. Only three out 

of the eight clusters had significant differences in genetic diversity compared to mean of all other 

clusters (Fig 4.3). In terms of diversity rank, the Tahoe cluster had the most genetic diversity. 

Yosemite North and Yosemite South showed the least amount of genetic diversity (discussed 

below). Remaining clusters had relatively similar measures of genetic diversity indicated by no 

significant differences in pairwise comparisons. It is interesting to observe relatively uniform 

levels of genetic diversity in a species that has experiences intense population declines and 

extirpations. However, genetic diversity can take a long time to erode (e.g. more than 10 

generations), even when populations experience precipitous declines and extirpations [195]. 
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High genetic distinctness and reduced genetic diversity in Yosemite populations 

An important exception to the general patterns observed were Yosemite North and South 

clusters. One reason these populations may have distinct genetic signatures coupled with lower 

genetic diversity is due to historical isolation from the rest of the species range. Frog populations 

in Yosemite inhabit high alpine elevation lakes that are characterized by sharp elevational 

gradients coupled with high mountain ridgelines. Such landscape features likely impeded historical 

gene flow across the region. Additionally, periods of Pleistocene glacial retreat, which isolated 

taxa across the Sierra Nevada [196–198], have been found to be earliest in areas near Yosemite 

(McGee Till) [199] and could have isolated Yosemite frog populations. While Yosemite 

populations may be isolated by elevation and topography, we do not see similar patterns with 

populations in Sequoia and Kings Canyon National Parks (genetic clusters Kings Canyon, 

Sequoia, and Sequoia-Southern), which also inhabit high alpine lakes. A similar genetic pattern 

between populations in Yosemite versus Sequoia and Kings Canyon National Parks has been 

observed in the Yosemite Toad (Bufo canorus) suggesting this may be a common pattern among 

high alpine Sierra Nevada amphibians [192].  

In addition to historical biogeographic factors, recent population declines may also have 

impacted genetic patterns in Yosemite. R. muscosa/sierrae populations in this region have 

experienced particularly intense population reductions due to invasive fish and disease. Bd has 

been detected in museum specimens from Yosemite as far back as 1972 [124], and Bd related 

amphibian declines in Yosemite (in Anaxyrus canorus populations) have been documented as early 

as 1978 [200,201]. Bd is hypothesized to have emerged in the northern part of the Sierras followed 

by emergence in southern Sierras in the early 2000s [124]. Samples in our study from Yosemite 

National Park were collected between 2005-2014 during which time population abundances were 

increasing following removal of non-native rainbow trout and Bd [126]. If R. muscosa/sierrae 

Yosemite declines began decades before the rest of the Sierra Nevada, longer term bottleneck may 

have contributed to outcomes such as reduced genetic diversity. The remaining populations that 

survived epizootic outbreaks may be more genetically distinct because of the heightened strength 

of genetic drift in small populations and spatial genetic signatures reflecting selection [202–204]. 

However, R. muscosa/sierrae have experience precipitous declines across the range, and therefore 

it is not clear whether recent dynamics alone can explain the distinctive genetic signature in 

Yosemite populations. Better understanding the timing of populations declines across the range 

could help determine whether Yosemite populations genetic signatures are indeed a result of recent 

declines.  

 

New conservation units for an endangered amphibian 

 Previous range-wide genetic studies for R. muscosa/sierrae made two key conclusions that 

impacted conservation. Based on mitochondrial data, six major mitochondrial clades across the 

species range were identified, and R. muscosa/sierrae were divided into sister species with a split 

located within Sequoia and Kings Canyon National Parks [123]. Our results are discordant with 

prior mitochondrial results in several key ways and can provide guidance for future local and 

range-wide conservation actions. First, we observed eight distinct genetic clusters with varying 

levels of admixture across cluster boundaries suggesting a stepping stone model of population 

structure. Second, we did not observe a more dramatic genetic discontinuity across the Sequoia-

Kings Canyon divide. Therefore, managing R. muscosa/sierrae as eight genetic units rather than 

two species may be more appropriate for conservation. A detailed study of the populations in 

Sequoia-Kings Canyon also came to a similar conclusion that genetic breaks across several clusters 
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were of equal strength rather than finding a single species-level break [164]. Therefore, genetic 

clusters could be used operationally as functional conservation units.  

 Given observed patterns of isolation by distance, there are some clear management actions 

suggested from our results. In cases of translocation and reintroductions, moving frogs between 

adjacent clusters is an appropriate management strategy to preserve historical genetic structure. 

Such adjacent movements would also likely better maintain any locally adapted alleles. In a 

separate study, we also found strong spatial structure of Bd in the Sierra Nevada (Chapter 2). 

Therefore, restricting movement of frogs to only adjacent populations would also reduce mixing 

of Bd genotypes, which could lead to unknown consequences.  

A conservative approach to maintaining historical genetic structure may be appropriate in 

many cases. However, in certain parts of the range, a more aggressive management strategy might 

be warranted. For instance, high genetic distinctiveness and low genetic diversity in Yosemite 

National Park could be a warning sign for the genetic health of these populations [205]. While 

population abundance data can be one measure of success for conservation, continued genetic 

monitoring of Yosemite North and South will be necessary to assess if additional interventions are 

needed to boost overall genetic diversity. Additionally, Sequoia-Southern cluster contains 

populations in Sequoia and Kings Canyon National Parks and disjunct southern populations. 

Currently, southern populations have been grouped as a separate, distinct cluster [123,206]. 

Southern populations 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 frog populations [207]. 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. Our study had only small sample sizes for southern populations (n=3), and we 

acknowledge that ADMIXTURE results can occasionally lead to an over-simplification of 

complex genomic histories [208]. However, our data suggest that there may be an opportunity to 

use donor individuals from large, persistent populations in Sequoia and Kings Canyon National 

Parks to bolster dwindling southern populations while maintaining historical population structure. 

Future investigations could aim to assess viability of translocations between these two regions. 

 

Conclusions 

 Creating a comprehensive genetic framework for conservation 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 took 

advantage of archived skin swabs from across the range of R. muscosa/sierrae, an endangered 

amphibian species complex, to investigate historical genetic population structure and diversity. By 

identifying key genetic units across the R. muscosa/sierrae range, our work provides a 

comprehensive framework 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. Importantly, we found that some genetic clusters are more genetically 

isolated and less genetically diverse than others, a signature that may result from a volatile history 

of population declines and nascent recoveries. We also found less evidence for a primary species-

level split and that some clusters could be used as donors to support recovery efforts in neighboring 

clusters. This may alleviate current management restrictions based on previous genetic 

frameworks. Overall, our results create a more explicit blueprint for framing management actions 

for an imperiled species. 
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Fig 4.1. (A) Map of sampling locations with points colored by major genetic cluster. (B) DPCA plot of genetic variation among samples. Each point represents an 

individual sample genotype colored by major cluster based on discriminant analysis. Bottom right corner is plot of discriminant analysis eigenvalues indicating the 

majority of variation is represent in LD1 and LD2. (C) ADMIXTURE results for K=2, K=5, and K=8. K=8 was consistently identified in both DPCA and 

ADMIXTURE as “best-k”. Bars represent individual samples and posterior probability of membership. K=8 ADMIXTURE plots find the same eight groupings 

identified in DPCA (and colors in the two plots correspond). Individual swabs as x-axis labels.  
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Fig 4.2. Regression of pairwise geographic distance. All comparisons to Yosemite National Park samples (Yosemite North & South) are shown as red points and 

all other comparisons are shown as black points. Black line represents regression for all samples, red line represent regression for only among Yosemite pairwise 

comparisons. Comparisons with samples from Yosemite National Park show an increased slope to the pattern of isolation by distance, due to the fact Yosemite 

samples are quite distinct from all other genetic clusters.  
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Fig 4.3. (A) Distribution of genetic diversity (Watterson’s θ) per variable site by major cluster group. Each cluster represents a randomly selected subset (n=7). 

Tahoe (p<0.0001), Yosemite North (p<0.01), Yosemite South (p<0.05), and Kings Canyon (p<0.01) all show significant differences in genetic diversity when 

compared base mean. However, there were no significant differences in pairwise comparisons of genetic diversity by cluster. (B) Distribution of nucleotide diversity 

(π) per variable site by major cluster group. Tahoe (p<0.01) and Yosemite North (p<0.05) showed significant differences in nucleotide diversity compared to base 

mean. Similar to Watterson’s θ, we observed no significant differences in pairwise comparisons. Each box plot shows the median (horizontal line), first and third 

quartiles (bottom and top of box), lowest and highest values within inter-quartile range of the lower and upper hinges (vertical lines), and outliers (points). Dotted 

horizontal line represent mean across all groups. 
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Fig 4.4. (A) Bayesian Information Criterion for DPCA analyses. Best-K indicated by flattening of Bayesian Information Criterion values. (B) Cross-validation 

error values for K=1-15 in ADMIXTURE. Best-K identified as K=8 based on lowest cross-validation error value. 
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Fig 4.5. Pairwise heatmap of FST by major genetic cluster. Blue values represent relatively lower values of FST while red values represent higher ranges of FST. With 

exception of Yosemite North and Yosemite South comparisons, clusters generally follow a pattern of isolation by distance (e.g. geographically adjacent clusters 

have lower FST values).
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CHAPTER 5 CONCLUSIONS 
 

Curtailing declines of wildlife species due to disease involves a multifaceted and 

interdisciplinary approach. My dissertation explores disease mitigation through the lens of 

genomics. Using its application to the conservation of an imperiled amphibian species and a 

globally distributed pathogen, I applied population genetics and evolutionary biology tools toward 

critical applied questions for conserving contemporary declining populations.  

Currently, multiple management agencies, including state and federal governments, are 

actively involved in several types of species recovery efforts for Rana muscosa/sierrae including 

frog translocations, reintroductions, and disease treatments to reduce susceptibility to Bd. Having 

a genomic context for the on-the-ground conservation decisions will undoubtedly ensure a better 

way forward for the successful recovery of this species. The collection of my chapters will be 

integral in conservation management of Rana muscosa/sierrae but also for how we interrogate 

disease mitigation broadly. Results from Chapter 2 involving fine-scale genetic work across one 

of the most heavily invested conservation actions for Rana muscosa/sierrae. By including both 

extant and extirpated frog populations, our work provide a critical framework for the few 

remaining frog populations in Sequoia and Kings Canyon National Parks. For Chapter 3, my 

results comparing the of Bd genetics in two classic systems identified how a priori assumptions 

of disease emergence are clouded without interrogating underlying pathogen evolutionary 

histories. Finally, in Chapter 4, my results resolved data gaps to maintain the historical genetic 

structure of both species to the maximum extent possible, assisting in recovery programs across 

California.  

By framing my chapters based on theory related to infectious diseases, spatial epizoology, 

population genetics, and conservation biology, results of my work will impact both basic and 

applied research communities. As global threats continue to impact vulnerable populations, 

conservation practitioners will need to utilize genomics for continued protection, restoring, and 

reviving species on the brink of extinction. My dissertation highlights the effective use of genomics 

in applied conservation efforts. 
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