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ABSTRACT

Glaciers retreat, frogs advance:
rapid adaptation, genetic drift, and infection dynamics during the climate-driven range expansion
of an Andean frog

by
Emma C. Steigerwald
Doctor of Philosophy in Environmental Science, Policy, and Management
University of California, Berkeley

Professor Rosemary Gillespie, Chair

All over the world, species are shifting their geographic distributions in response to climate
change. We know from studies of other range expansion and contraction scenarios—like those
driven by species invasions or by the end of the last Ice Age—that they affect ecological
interactions and the evolutionary trajectories of species. The impacts of range expansions and
contractions driven specifically by contemporary climate change, though, are still profoundly
uncertain. Understanding these ecological and evolutionary impacts will be important for
biodiversity conservation and management under rapid global change. To address this critical
knowledge gap, I combine fieldwork, molecular work, and analyses of population genetics and
disease ecology over the course of three dissertation chapters. My research illuminates how the
whole genome diversity, genetic adaptation, and infection dynamics of a host species were
affected by its climate-driven range expansion. Specifically, my dissertation examines the
expansion of the Marbled four-eyed frog (Pleurodema marmoratum) into upslope, mountain pass
habitat that deglaciated over the last 150 years in the Cordillera Vilcanota, Peru.



To my parents, who are the reason I get to do something I care about.
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INTRODUCTION

The three fundamental ways in which a species may respond to rapid contemporary climate
change are to evolve their environmental tolerance limits, shift their distributional range, or
decline towards extinction. Yet these three possibilities are not mutually exclusive (Parmesan,
2006). To illustrate their dynamic interaction, consider distributional shifts—specifically, range
expansion. Clearly species may need to adapt to novel environmental conditions as they colonize
new habitats (Kirkpatrick & Barton, 1997; Polechova & Barton, 2015). The process of range
expansion might, through high genetic drift in small founding populations and rounds of founder
events bottlenecking genomic diversity (Slatkin & Excoffier, 2012; Willi et al., 2020), impact the
future evolutionary possibilities and likelihood of decline for newly founded populations. Range
expansion might also influence interspecific relationships by introducing both players to a novel
environment and perhaps favoring one species to the detriment of the other (Scholthof, 2007). If
we aim to conserve biodiversity in a rapidly changing world, we must improve our
understanding of the interplay of distributional change, adaptation, and decline in species'
climate change responses.

The Cordillera Vilcanota, a portion of the eastern Andes located in southern Peru, has been
designated a critical climate refuge promoting the long-term persistence of global biodiversity
due to its situation high atop a megadiverse portion of the Andes-Amazon region (Young et al.,
2015). Among the species already documented to have expanded their upslope elevational range
into the rapidly deglaciating mountain passes of the Vilcanota are three amphibians: the Marbled
four-eyed frog (Pleurodema marmoratum), the Andean toad (Rhinella spinulosa), and the
Marbled water frog (Telmatobius marmoratus; Seimon et al., 2007). Their upslope expansion in
the Vilcanota was marked by outbreaks of the devastating fungal pathogen of amphibians
Batrachochytrium dendrobatidis (Bd; Seimon et al., 2007). With my dissertation work, I studied
how climate-change driven range expansion affected (1) the population genomic diversity of P.
marmoratum, (2) this species' adaptation to the novel environment colonized, and (3) the
dynamics of all three species with the Bd pathogen.

Chapter 1: Range expansions may have an array of possible impacts on genetic diversity (e.g.,
Klopfstein et al., 2006; Peischl et al., 2015; Razgour et al., 2013), with potential implications for
the fitness and evolvability of leading-edge populations. Although climate-driven range
expansions are both taxonomically and spatially widespread (e.g., Chen et al., 2011; Moritz et
al., 2008; Freeman et al., 2018; Raxworthy et al., 2008), we have not yet observed how they
impact whole-genome diversity. By assembling a de novo reference genome for P. marmoratum
and doing low-coverage, whole-genome resequencing for 192 frogs across the study landscape,
we discover that expansion has both driven declines in genomic diversity and novel opportunities
for gene flow that can ameliorate these declines. These results illuminate how considering
changing patterns of gene flow under climate change affects the anticipated impacts of range
expansions on the heterozygosity and evolutionary potential of wild populations.

Chapter 2: Enhanced genetic drift may interfere with selection efficacy during range expansion
(Willi et al., 2018). If this is true for climate-driven range expansions, there may be
repercussions for the long-term persistence of leading-edge populations. We studied the
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adaptation of P. marmoratum to extreme high elevations and what happened to the putatively
adaptive alleles detected along the course of the range expansion front. By functionally
annotating the P. marmoratum genome and performing genotype-by-environment association
tests on our low-coverage resequencing dataset, we find that P. marmoratum does appear to have
a suite of genetic adaptations to high elevation life. However, allele frequencies for these
candidate genes behave unpredictably in the upslope habitat colonized over just the last 150
years, suggesting that the genetics of species undergoing climate-change driven range expansions
may indeed be ruled by genetic drift at the cost of selection efficacy.

Chapter 3: Climate change impacts emerging infectious disease events through multiple
mechanisms, but the influence it exerts through driving host range shifts has been little explored.
Not only might we expect range shifts to affect pathogen transmission by altering the
connectivity of host populations (Haddad et al., 2014), but range expanding hosts and pathogens
will have different physiological responses to the suites of novel conditions they are exposed to,
influencing infection outcomes (Scholthof, 2007). We studied the fungal pathogen
Batrachochytrium dendrobatidis (Bd) on three amphibians in the Vilcanota: Pleurodema
marmoratum, Telmatobius marmoratus, and Rhinella spinulosa. We analyzed Bd genetics,
infection metrics, and apparent sublethal impacts along the colonization front to explore how
elevational range expansion affected host-pathogen dynamics. Amphibian range shifts have
enabled their new connectivity across the once continuously glaciated Vilcanota, but genetic
evidence suggests that Bd disperses so frequently and extensively that this novel connectivity has
not contributed significantly to overall Bd dispersal. Although amphibians have not escaped Bd
infection outright through upslope expansion in the Vilcanota, Bd growth does appear to be
constrained at the highest elevation reaches. Finally, we present evidence that Bd infection has
different sublethal costs for amphibians at the new elevations they have colonized, though
whether the costs are mitigated or exacerbated by extreme elevation may be moderated by
amphibian microhabitat use.
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CHAPTER 1

Climate-driven range expansion depletes genetic diversity but also creates
new opportunities for gene flow

Emma Steigerwald, Diana Aguilar-Gomez, Lydia Smith, Juan Carlos Chaparro, Rasmus Nielsen

Abstract

In the first chapter, I use whole genome data to describe what happens to population genetic
diversity over the course of contemporary, climate-change driven range expansion. We know
that population genetic diversity may decline over space in some range expansion scenarios,
sometimes with important implications for the fitness of individuals and for the evolutionary
potential of populations. By assembling a de novo reference genome for P. marmoratum and
sequencing 192 frogs sampled from across the study landscape to low coverage, we examine
structure, demography, and genetic statistics for P. marmoratum populations across the
Vilcanota. We find that metrics of genetic diversity initially decline along the elevational
expansion front, though gladly we do not observe a corresponding buildup of deleterious
mutations. However, we also find that the elevational range expansion of these frogs appears to
have created new opportunities for them to interbreed between differentiated watersheds, with
restorative impacts on genetic diversity.



1.1 Introduction

The persistence of biodiversity under climate change demands that species undergo evolutionary
adaptation and distributional changes (De Meester et al., 2018; Parmesan, 2006). Many species
have already shifted their distributions in recent decades (Kusrini et al., 2017; Moritz et al.,
2008; Parmesan et al., 1999). While these shifts can allow species to better track the climatic
conditions to which they evolved, they will have repercussions for population genomic
diversity—particularly closest to changing range limits (Razgour et al., 2013; Rehm et al., 2015).
For example, though we might consider a range expansion a successful response to climate
change, serial founder events and high genetic drift along an expansion front sometimes causes
declines in genetic diversity and the buildup of deleterious genetic variants (Gilbert et al., 2018;
Peischl & Excoftier, 2015; Slatkin & Excoffier, 2012). Additionally, we expect range expansions
to lead to changing opportunities for gene flow (Hoffmann et al., 2011). The action of these
various forces along range expansion fronts may have important implications for the fitness of
populations and for their evolvability in the face of continued environmental challenges (Edelaar
& Bolnick, 2012; Gonzalez-Martinez et al., 2017; Pearman & Garner, 2005; Willi et al., 2018).

Knowledge of the characteristics of leading-edge populations may be particularly important to
understanding and predicting how climate-driven range expansions will shape the adaptation and
demographic trajectories of species (Rehm et al., 2015). Not only do populations at the leading
edge of an expanding range tend to serve as the source of the first founders colonizing new
habitat, but frequently their descendants can exclude genotypes that arrive later (priority effects;
Peter & Slatkin, 2015; Slatkin & Excoffier, 2012). Accentuating the influence of the leading
edge is the possibility that many trailing edge populations are undergoing demographic decline
and fragmentation or are prevented from contributing migrants by landscape barriers (Hampe &
Petit, 2005; Rehm et al., 2015).

Without prior knowledge of the most important genes for the genetic health and adaptation of a
species to the new habitat they colonize, any signature of range expansion detected from only a
few loci may have little relevance to the persistence or evolvability of that species (Forester et
al., 2022). Therefore, documenting the consequences of climate-driven range shifts for whole-
genome diversity provides a more relevant and generalizable way to manage countless wild
populations to promote their long-term persistence. However, among the few studies that have
examined the genomic consequences of climate-change driven range expansions, most employed
only a few markers from throughout the genome, and we are aware of none that have employed
whole genome sequences (Bi et al., 2019; Garroway et al., 2010; Garroway et al., & Wilson,
2011; Grupstra et al., 2017; Ramos et al., 2018; Rubidge et al., 2012).

To study the genomic signature of contemporary, climate-driven range expansion, we studied
amphibians in the Cordillera Vilcanota, Peru. Until the end of the Little Ice Age (1500 — 1900;
(Thompson et al., 1986), the Vilcanota would have formed a continuously glaciated, approx. 80
km-long barrier across the landscape. In the intervening years, the Vilcanota has undergone rapid
deglaciation, freeing vast areas of upslope habitat, particularly along mountain passes. These
passes have been rapidly colonized by the Marbled four-eyed frog (Pleurodema marmoratum,
Seimon et al., 2007) as it expanded its upper elevational range limit into the newly deglaciated
habitat. Whereas the recent range expansions of many species cannot be absolutely confirmed,



fifteen years of herpetological surveys and extensive local glaciological studies lend certainty
that P. marmoratum actually expanded its upslope distributional limit in the Vilcanota (Seimon
et al., 2017). Moreover, this species' robust populations across the Vilcanota make it easy to
sample at regular intervals across the landscape (Seimon et al., 2007). We use low-coverage,
whole genome sequencing to study the climate-driven elevational range expansion of P.
marmoratum. Considering how recent and rapid this range expansion has been, we tested the
hypothesis that it is characterized by declining heterozygosity, increasing inbreeding coefficients,
the accumulation of deleterious genetic variants, and the increasing genetic differentiation of
frogs along the range front with increasing distance from source populations. We also tested the
hypothesis that this range expansion has provided new opportunities for gene flow across the
Vilcanota via now deglaciated mountain passes. Collectively, these results generate important
insights into the genome dynamics of species experiencing range expansions that should prove
helpful for predicting and potentially managing the genetic consequences of such expansions in
other taxa.

1.2 Methods
1.2.1 Field sampling

Frogs were sampled from 3967 to 5303 m a.s.l. in the Cordillera Vilcanota (13.7°S, 71.1°W), a
portion of the eastern Peruvian Andes located approximately 100 km ESE of the city of Cusco.
Precipitation in the Vilcanota is highly seasonal, with the wet season occurring from October to
April and the dry season from May to September (Perry et al., 2014). Fieldwork was timed to
coincide with the end of the breeding season for P. marmoratum reproductive activity, such that
the depth of daily precipitation was abating but adults could still be easily found near water
bodies. This placed our sampling from March to May of 2018 and 2019. We searched for post-
metamorphic stages visually by inspecting pools and riparian areas as well as manually by
feeling for frogs moving under rocks or in mud and along the edges of bodies of water. A total of
10-15 P. marmoratum were sampled per site (Fig. 1), with a preference for adults, which were
supplemented first with juveniles and then with tadpoles. Sampling sites were generally about
Skm apart, but along the two deglaciated mountain passes, Osjollo and Chimboya Pass, we
invested in a more concentrated sampling effort (Fig. 1).
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Figure 1. (A) Map of P. marmoratum sampling sites (black points) shown over a hill-shaded map of the
Cordillera Vilcanota, colorized by the three watersheds on this study landscape. The white hill-shaded
polygons show the current glacial extent in the Vilcanota. The deglaciated mountain passes of Osjollo and
Chimboya are labelled. The hashed polygon to the northeast shows the area beyond the distributional
range margin of P. marmoratum. (B) The inset map shows the location of the study site in Peru. (C) The

study species, Pleurodema marmoratum.

All frogs had one to two toes clipped to provide non-destructive samples for genomic analyses,
which were stored in ethanol. Frogs were also dry swabbed (MW113, Medical Wire &
Equipment Co., Ltd., Corsham, Wiltshire, UK) to assess the presence of Bd infection (Boyle et
al., 2004; Hyatt et al., 2007). Body size, mass, and sex were recorded for each animal, as was any
evidence of illness or deformity. We determined the developmental stage of each tadpole
captured using standard techniques (Gosner, 1960). In December 2019, a single P. marmoratum
was captured and transported live to Lima. There, it was sacrificed, dissected by tissue type,
flash frozen, and transported on dry ice. All samples were transported to the University of
California, Berkeley for storage in a -80°C freezer until DNA extraction, sequencing, and
analysis.

1.2.2 Genome assembly

High molecular weight DNA was extracted from muscle of the P. marmoratum individual that
was flash frozen and tissued. The extract was used to prepare sequencing libraries with the 10X
Genomics microfluidic platform, and then sequenced on an Illumina NovaSeq with PE150 reads
to a raw coverage of 62x and an effective coverage of 39x. These linked reads were adapter-
trimmed with Trimmomatic (v0.39; Bolger et al., 2014), assembled with Supernova (v2.1.1;
Weisenfeld et al., 2017), and cleaned of duplicate sequences using SeqKit (v2.1.0; Shen et al.,
2016). The contiguity of the assembly was assessed using Assemblathon statistics



(https://github.com/KorfLab/Assemblathon/blob/master/assemblathon_stats.pl; Bradnam et al.,
2013) and the completeness of the assembly with respect to genes expected to be single-copy
orthologs was assessed with BUSCO (v4.1.2; Simao et al., 2015). Repetitive regions of the
genome were identified with RepeatModeler2 (v2.0.3; Flynn et al., 2020) and then masked with
RepeatMasker (v4.1.2; Smit et al., 2022). Scaffolds in the mitochondrial genome were identified
and suffixed with 'mito' via alignment with MUMmer4 (v4.0.0; Marcais et al., 2018) to
mitochondrial genomes from Melanophryniscus moreirae (VNC 037378.1) and Telmatobius
chusmisensis (VNC_030333.1), and a partial mitochondrial genome from Pleurodema thaul
(VIX564888).

1.2.3 Whole genome resequencing

DNA was extracted from toe clips from 192 adult Pleurodema marmoratum using the Omega
Bio-Tek Mag-Bind Blood and Tissue plate extraction kit. A subset of the adult frogs sampled
were selected for sequencing to represent a range of Bd infection intensities (see Chapter 3) and
to maximize geographic representation of sequencing data (Fig. 1). Libraries were prepared
using the KAPA Hyper Prep Kit and then sequenced on two Illumina Novaseq lanes to an
average sequence depth of 3X. Raw data were adapter-trimmed with Trimmomatic (v0.3.9;
Bolger et al., 2014) and cleaned of over-represented sequences with Prinseq (v0.20.4; Schmieder
& Edwards, 2011), after which their quality was assessed with FastQC (https://github.com/s-
andrews/FastQC). These preprocessed sequences were aligned with BWA-MEM (v0.7.17; Li,
2013) to the genome assembly, with the repeat regions of the assembly left unmasked in order to
reduce the potential for sequence misalignment. Final BAM files excluded unmapped reads,
reads where the mate-pair read was unmapped, reads that were not the primary alignment, reads
that failed platform or vendor quality checks, and reads that were either PCR or optical
duplicates.

The resulting BAM alignment files and a version of the genome with both simple and complex
repeats hard-masked were processed in ANGSD (v0.941-11-g7a5e0db; Korneliussen et al.,
2014) to call a list of sites throughout the genome not embedded in repetitive regions and where
data are available for at least 50 individuals. The likelihood ratio that each of those sites was mis-
mapped was calculated in ngsParalog (v1.3.2; Linderoth, 2018) and sites with a Bonferroni-
corrected p-value of less than 0.05 were discarded. ANGSD (Korneliussen et al., 2014) was used
to calculate genotype likelihoods for the remaining sites using the GATK model and store them
in beagle format. Genotype likelihoods contain probabilistic information about genotypes across
the genome and are important to use in the context of low-coverage whole genome sequencing
given the high uncertainty of genotype calls. Two files were generated, the first containing all
sites (variable and invariable; 615,668,560 sites), while the second file included only variable
sites (SNP p-value < 1:10°%; 15,746,373 sites). The final data was filtered to retain only the
following: (i) base calls with a Phred quality exceeding 20; (i1) reads where both pairs of
sequences derived from sequencing a given DNA molecule from opposite sides (mate pairs)
aligned to the reference genome, where their alignment with the reference genome had a
mapping quality exceeding 20, and where there was a single best alignment hits; (iv) individual
frogs with a sequencing depth between one and 25; and (v) genomic sites that were biallelic and
had a p-value of larger than 10 in a test for Hardy-Weinburg equilibrium.



1.2.4 Structure analysis

To estimate the number of genetically distinct populations present in our sample, the beagle file
containing only variable sites was used to calculate a covariance matrix of individual admixture
proportions in PCAngsd (v1.10; Meisner & Albrechtsen, 2018). This matrix was imported to R
for eigenvalue decomposition and plotting in gpplot2 (Wickham, 2011). To examine population
structure further and understand geographic areas where these populations are admixing, we then
used OHANA (Cheng et al., 2017; https://github.com/jade-cheng/ohana). For OHANA analyses,
we rarefied data to ensure even geographic representation of samples across the landscape, given
that the individuals sequenced overrepresented the two mountain pass transects on the landscape
(compare sampling sites plotted in Fig. 1 and 3). Evidence for genetic differentiation by
watershed was explored for k£ = 2 through k = 6 possible ancestry components using the OHANA
gpas command. The output allele frequency inference was then used to estimate component
covariances, which was approximated into a component tree, using the OHANA nemeco and
cov2nwk commands. In the resulting newick tree file, branch lengths are represented by the
genetic distances between ancestry components as calculated from the covariance matrix:

Dist (p1, p2) = Var (p1) + Var (p2) — 2 x Cov (p1, p2)

The contribution of ancestry components to the genotypes of individual frogs as well as trees
representing the relationship among those ancestry components were plotted in ggplot2
(Wickham, 2011). Additionally, OHANA ancestry components for £ = 3 were projected as pie
charts onto the genetic PCA and onto a hill-shaded DEM of the Vilcanota.

1.2.5 Demographic analysis

The folded site frequency spectrum (SFS), which represents the distribution of genetic variation
across different allele frequencies, was estimated in ANGSD (Korneliussen et al., 2014) from the
total set of variable and invariable sites and then plotted in R with gpplot2 (Fig. S 1; Wickham,
2011). The folded SFS was used to estimate heterozygosity across sampled frogs using the
following formula, where a; is the probability mass in the ith category of the folded SFS
(standardized to sum to one including fixed sites) and » is the total number of individuals
sampled (here, 192):

n—1 . .

For demographic analyses, frogs were treated as three populations, largely based on the
watershed from which they were sampled. The one exception was a sample of six individuals
from the southern watershed (the leftmost six in Fig. S 3 B) that were obtained from the two
westernmost sites (Fig. 3); these animals were most genetically similar to samples from the
northwestern watershed and were thus grouped together with them. LD (r%) across the set of
ANGSD-filtered variable sites was first calculated in ngsLD (v1.1.1; Fox et al., 2019) from
genotype likelihoods for every pair of variable sites in the genome no more than 300 kb apart,
using an expectation maximization algorithm. LD decay was visualized using the R script



fit LDdecay.R. Based on the resulting plots, SNPs were removed from the dataset if they were
less than 50 kb apart in the genome and had an LD of more than 0.5 using prune graph (Fox et
al., 2019), leaving a set of just over six million LD-pruned SNPs.

A random subset of 500,000 of these LD-pruned sites was used to construct a 3-D SFS for these
populations in ANGSD (Korneliussen et al., 2014). A demographic model was estimated based
on the SFS using GADMA (2.0.0rc25; Noskova et al., 2023) and the likelihood function
calculated in DaDi (Gutenkunst et al., 2009) with BFGS local optimization and 50 replicate
optimization attempts. The model assumed one time interval between each split, to facilitate the
convergence of this complex, three-population model. The parameters estimated were ti, the time
interval between the two different population splits; to, the time interval since the split between
populations 2 and 3; nui, the size of population 1; nuy, the size of population 2; nus, the size of
population 3; m; 23, the migration rate from population 3 to 2 during ti; m; 32, the migration rate
from population 2 to 3 during ti; mz 12, the migration rate from population 2 to 1 during tz; and
m2 2,1, the migration rate from population 1 to 2 during t>. Model convergence was assessed by
inspecting the models every 150 iterations and the log likelihood values for each of the 50
repeats over successive iterations. When the model and log likelihood value stabilized, the model
was considered to have converged. Genetic time units were converted to years by specifying a
theta of 7.15 (@ = 4Lu; where assembly length, L, was 1.788 Gb and the mutation rate per base
per generation, u, was 1-10) and a generation time of 3.5 years. The mutation rate employed
was based on a nuclear mutation rate estimate derived from six frog species (Crawford, 2003),
and the generation time estimated from age structure data collected for a high-altitude,
geographically proximal congeneric (Iturra-Cid et al., 2010).

To refine inference of population history since these populations split, ANGSD was also used to
construct a 2D-SFS of each the southern and northwestern population pair and the southern and
northeastern population pair. These joint SFS were used in GADMA/DaDi with the same
specifications as previously, except this time a more complex model structure was permitted with
two time intervals before and after the population split. The parameters estimated were ti, the
more recent time interval before the population split; tz, the time interval immediately after the
population split; t3, the more recent time interval since the population split; si, the fraction of the
effective population size that goes into each population during the split; nuy,1, the size of the
population during ti; nuy,1, the size of population 1 during t2; nuzp, the size of population 2
during t2; nus 1, the size of population 1 during t3; nus, the size of population 2 during t3; mz 12,
the migration rate from population 2 to 1 during t2; m2 2,1, the migration rate from population 1 to
2 during t2; m3 1.2, the migration rate from population 2 to 1 during t3; and m3 2,1, the migration
rate from population 1 to 2 during t3. Model convergence was assessed as previously.

1.2.6 Assessing genomic statistics along the expansion front

Both individual expected heterozygosity (H.) and individual breeding coefficient (F) were
calculated using a subset of 500,000 SNPs randomly sampled from the total set of ANGSD-
filtered variable sites. Individual heterozygosity was examined by generating a folded SFS for
each frog in ANGSD (Korneliussen et al., 2014) and dividing the count of singleton mutations
by the total number of sites in the subset. Individual inbreeding coefficients were estimated in
ngsF (v1.2.0-STD; Vieira et al., 2013) for one hundred replicates, each time first running the



approximating algorithm and feeding its estimates into the non-approximating algorithm with a
stopping criterion of 1:10°. The inbreeding coefficients used were those calculated from the
replicate achieving the highest log likelihood value.

Expansion load was examined by aligning pre-processed P. marmoratum reads for each frog to
the E. pustulosus genome (v1.0; Bredeson et al., 2021) as an outgroup. These BAM alignment
files were used to generate beagle genotype likelihood files using the same ANGSD inclusion
criteria used to filter reads, loci, and individuals in resequencing above (section 1.2.3), including
the same SNP p-value filter. The resulting set of sites was used in bcftools (v1.15.1; Danecek et
al., 2021) to generate first an mpileup and then a VCF file, which was filtered for variants with a
minor allele frequency of less than 5 % (rare variants). The E. pustulosus genome and annotation
files (Bredeson et al., 2021) were used to generate a custom SNPeff database (v5.1d; Cingolani
et al., 2012), which was then deployed to annotate the VCF file. With the annotated VCF, for
each frog we summed the total number of high-impact mutations—variants assumed to have
disruptive impact in the protein according to the classification of SNPeff, and thus having a high
probability of being deleterious. The VCF was also used to calculate the average depth of
sequencing coverage per frog at the sites of these high-impact mutations. In R, linear regression
was used to model the relationship between the count of high-impact mutations for a frog as a
response variable and, as predictor variables, the depth of sequencing coverage at those
mutations and individual-level heterozygosity of that frog. The residuals of this model were used
as a representation of expansion load. It is important to use the residuals of this model rather than
the raw counts of high impact mutations because we expect that loci sequenced at higher
coverage have a higher likelihood of being called as genetic variants (Lefouili & Nam, 2022) and
that individual frogs with higher genetic diversity will generally have more genetic variants
(Mathur & Dewoody, 2021; Yang et al., 2015).

Individual heterozygosity, inbreeding statistic, and expansion load (the residuals of the
regression model above) were mapped on a hill-shaded DEM of the Vilcanota using R. The
statistics were first averaged between individuals at a single sample site. Then, a geostatistical
model of the genetic statistic was created using the gstat function from the package gstat
(v2.0.9), using a maximum of four data points for each interpolation and an inverse distance
weighting parameter of 0.5. Finally, we performed raster interpolation with the raster package
(v3.5.21) command interpolate using the geostatistical model as the input. This raster was
visualized with ggplot2 (Wickham, 2011). The values of these statistics for individual frogs were
also visualized along the two major mountain pass transects using a ggplot2 scatterplot.

Pairwise genetic differentiation between sampling sites was calculated in ANGSD (Korneliussen
et al., 2014) for sampling sites where three or more frogs had been sequenced. To do this, a joint
SFS was first generated for each sampling site pair, then F; was calculated using the realSFS fst
index and fst stats command. Pairs of sites were examined along the deglaciated mountain pass
transects and between sites sampled downslope towards the core range of the frogs in the
southern watershed. Data were visualized as a pairwise heatmap as well as a scatterplot of

distance versus linearized Fi (1FS; ) generated in ggplot2 (Wickham, 2011).
st



1.3 Results
1.3.1 Assembly

The Supernova assembly algorithm estimated the genome size of Pleurodema marmoratum at
about 2.04 Gb, of which 1.79 Gb was assembled into scaffolds. The scaffold N50 was 2.38 Mb
and the contig N50 was 17.9 kb, which compares positively with the contiguity of other
published landmark anuran genome assemblies (Table S 1). 63.5 % of BUSCOs were complete
and in single copy, 1.5 % were complete and duplicated, 14.7 % were fragmented, and 20.3 % of
BUSCOs were missing; these metrics are comparable to those for other landmark anuran genome
assemblies (Table S 1).

1.3.2 Structure

In the genetic PCA, PC1 explained 15.9 %, PC2 explained 9.4 %, PC3 explained 3.4 %, and PC4
explained 1.7 % of variation in the genetic data. PC1 and PC2 largely separated frogs by
watershed (Fig. 2), while PC3 separated frogs by elevation (Fig. S 2). OHANA analysis also
effectively split frogs by watershed at k£ = 3, with frogs from each watershed being characterized
by a different composition of ancestries with a different ancestry component being dominant in
each (Fig. S 3). The mountain passes represent zones of rapid turnover in ancestry components
(Fig. 3), with those mountain pass individuals being arrayed along the two major arms of the
PCA running parallel to PC2 (Fig. S 4). According to the OHANA-generated phylogenetic tree
for k = 3, the pairwise genetic distance was largest between the ancestry components dominating
the northwestern and northeastern watersheds (Dist (paw, pnw) = 1.38) and smallest for southern
and northeastern watersheds (Dist (ps, paw) = 0.83), with the distance between northwestern and
southern watersheds being intermediate between those values (Dist (paw, ps) = 0.91).
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Figure 2. PCA of genomic sequencing data. Individuals are colored by the watershed from which a frog
was sampled: purple represents the northwestern, pink the southern, and green the northeastern
watersheds. Results are shown for PCs (A) one and two and (B) three and four.
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Figure 3. OHANA ancestry components for k£ = 3 depicted as pie charts, averaged across individuals at
each sampling site, and overlaid on a hill-shaded map of the Vilcanota. The hill-shaded white polygons
show current glacial extent in the Vilcanota. Insets show the ancestry components for individual frogs
arrayed along the deglaciated mountain passes of (A) Osjollo and (B) Chimboya.
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1.3.3 Demography

The 1-D SFS generated from the complete set of 192 P. marmoratum whole genome sequences
(Fig. S 1) shows that most of the diversity in these frogs is segregating at low frequencies. About
38 % of the variants in the 1-D SFS were single-copy mutations. Expected heterozygosity across
the full data set was 0.19 % (Table S 2).

The demographic model of the three populations that maximized the log likelihood in
GADMA/DaDi supports that the P. marmoratum population from which frogs currently
inhabiting the Vilcanota are descended first colonized the northwestern watershed (Fig. 4). The
split between the frog populations now inhabiting the northwestern and southern watersheds is
estimated to have occurred 22 thousand years ago. The northwestern population is inferred to
have maintained a stable population size until about ten thousand years ago, at which time it
began to grow exponentially. The population now inhabiting the southern watershed is inferred
to have started at a much smaller effective population size, growing linearly and very gradually
until it split with the population now inhabiting the northeastern watershed about 15 thousand
years ago. After this split, the southern population is inferred to have maintained a stable
population size until about three thousand years ago, at which time it would have begun growing
exponentially. The population now inhabiting the northeastern watershed started at a smaller
effective population size and grew linearly and gradually until about three thousand years ago, at
which time it is inferred to have undergone a sudden population contraction. Migration pulses
have been asymmetrical, and they are estimated to have occurred particularly regularly over the
last ten thousand years of these populations' history.

Ne scale

12567
Figure 4. The demographic history of the three P. marmoratum populations sampled in this study.
Time in thousands of years before the present is shown along the y-axis. Effective population size is
shown along the x-axis, and is relative to the included scale bar. Populations are colored according to
their corresponding watershed as in Fig. 1 A. The blue bars show periods of glacial expansion
according to regional glaciological studies (Farber et al., 2005; Mark et al., 2004; Thompson et al.,
1986).
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1.3.4 Genomic statistics along the expansion front

For individual frogs in the Vilcanota, expected heterozygosity ranged from 0.02 to 0.11, with a
mean of 0.05. Inbreeding coefficients ranged from 0 to 0.66, with a mean of 0.29. Both depth of
sequencing coverage and heterozygosity were significant predictors of the count of low-
frequency, high-impact mutations (p < 2.2:107', adj. 7’ = 0.41). Residuals of this regression, our
metric for expansion load, ranged from -31.83 to 49.68.

Overall, the northeastern portion of the study area was characterized by low values for expected
heterozygosity, high values for inbreeding coefficients, and high values for the expansion load
metric (Fig. 5 A, 5 D, and 5 H). In contrast, the northwestern portion of the study area was
characterized by the highest values for expected heterozygosity, lowest values for inbreeding
coefficients, and relatively low values for the expansion load metric. The southern mouth of
Osjollo Pass was additionally characterized by low values of the inbreeding coefficient and
expansion load metric (Fig. 5 D and 5 H).

Focusing on values for these metrics for individual frogs along the mountain passes, we find a
trend of increasing inbreeding coefficients for frogs moving from the northern towards the
southern mouth of Osjollo (Fig. 5 E). Concomitantly, heterozygosity generally declines along
this same transect (Fig. 5 B). In the southern mouth of Osjollo where inbreeding coefficient and
load drop to low values for many individuals, we also see a small peak in heterozygosity (Fig. 5
B, 5 E, and 5 I). Patterns in Chimboya Pass are less clear, but we generally see heterozygosity
gently declining and both inbreeding coefficient and expansion load gently increasing in the
south-to-north direction (Fig. 5 C, 5 F, and 5 J). Near to the northern mouth of Chimboya Pass
there is a small peak in heterozygosity values and a small trough in inbreeding coefficient values
(Fig. 5 Cand 5 F).

Pairwise estimates of Fi for sampling sites along Osjollo and Chimboya Passes were
characterized by the greater rate of differentiation of demes over distance relative to the rate

observed for downslope populations towards the core range of P. marmoratum (Fig. 6). Whereas
Fst

linearized pairwise Fy ( )increased by about 7 - 10/ km for core downslope site pairs, it

—Fst

increased by 1.3 - 10 / km for Chimboya and 3.4 - 10 / km for Osjollo site pairs (Table S 3).
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Figure 5. Individual-level heterozygosity, inbreeding coefficients, and expansion load across the
landscape. In the hill-shaded maps, the hill-shaded white polygons show current glacial extent in the
Vilcanota, while the broken lines across Osjollo and Chimboya Passes demonstrate the transects featured
in the scatterplots. (A) A map of the individual heterozygosity of frogs, averaged over individuals
sampled per site and interpolated between sites. (B) The heterozygosity of individual frogs shown relative
to their distance from the mouth of Osjollo Pass. (C) The individual heterozygosity of frogs shown
relative to their distance from the mouth of Chimboya Pass. (D) A map of inbreeding coefficient for frogs
averaged over individuals sampled per site and interpolated between sites. (E) Individual inbreeding
coefficients shown relative to their distance from the mouth of Osjollo Pass. (F) Inbreeding coefficients
for individual frogs shown relative to their distance from the mouth of Chimboya Pass. (G) A map of the
residuals of the linear regression of counts of high-impact mutations relative to depth of sequencing
coverage and individual heterozygosity, averaged over individual frogs sampled per site and interpolated
between sites. (H) The residuals of the linear regression of counts of high-impact mutations relative to
depth of sequencing coverage and individual heterozygosity shown relative to their distance from the
mouth of Osjollo Pass. (I) The residuals of the linear regression of counts of high-impact mutations
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relative to depth of sequencing coverage and individual heterozygosity shown relative to their distance
from the mouth of Chimboya Pass.

%‘.‘ Q<.C) ® / o
I'Il' e ki3
— = %
7 o oy
i, #*
) ® g &
= / .
o ('1/ s o //
- T
N o K
S Y [
D O /Mgt
: [ ]

Q L

Q" o ’*9 ‘LQ ’bQ

Pairwise geographic distance ( km)
Figure 6. Site linearized pairwise Fy versus geographic distance for Osjollo Pass, Chimboya Pass, and
core downslope sampling sites. Osjollo site pairs are in gold, Chimboya site pairs are in green, and
core downslope site pairs are in light blue.

1.4 Discussion

The upslope expansion of Pleurodema marmoratum into recently deglaciated mountain passes of
the Cordillera Vilcanota, Peru, provides a well-documented example of climate-driven
elevational range expansion taking place on a contemporary timescale. Using low-coverage,
whole-genome resequencing data, we have demonstrated that this recent, rapid range expansion
left behind a detectable genomic signature in frog populations. Although the direct impact of
upslope range expansion was the genetic depletion of frogs along the colonization front,
expansion also created new opportunities for gene flow across the mountain passes, providing
frogs with opportunities for the restoration of eroded diversity. Our results make clear the
important role that changing patterns of landscape connectivity will have for understanding how
climate-driven range expansions will shape the evolutionary potential of wild populations.

1.4.1 After the Little Ice Age, frogs could colonize deglaciated mountain passes bi-
directionally

Determining the genomic consequences of the climate-driven range expansion of P.
marmoratum requires first establishing the directions in which the colonization of new mountain
pass habitats proceeded. Frogs are assumed to have colonized the narrow band of habitat suitable
for P. marmoratum to the north of the Vilcanota at some point prior to the Little Ice Age (LIA, ~
C.E. 1500 — 1900; Thompson et al., 1986), but from there two scenarios are possible. On one
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hand, populations to the north of the Vilcanota might have persisted during the LIA, such that as
contemporary deglaciation commenced mountain passes could have been colonized bi-
directionally (from both north and south). On the other hand, P. marmoratum might not have
persisted in the habitat directly to the north of the Vilcanota, as the LIA drove the upslope bound
of their already narrow range to contract downslope. In this case, mountain passes may have
been colonized almost entirely by frogs dispersing northwards from populations in the watershed
to the south of the Vilcanota.

Results from demographic modelling provide clear evidence that frogs persisted in all three
watersheds during the LIA, as they date the split times between the three populations to
thousands of years before the LIA. In the Peruvian Andes, the Last Glacial Maximum (LGM,
20—26 kya) was comprised of two separate time intervals of glacial expansion, occurring from
about 16 — 18 kya and then from about 22 — 30 kya (Farber et al., 2005). During these intervals,
the sites sampled in the present study would have been covered by glacial ice (Fig. S 5), which
would have excluded P. marmoratum from the northeastern watershed and severely limited their
connectivity to the south. However, portions of the northwestern and southern watershed would
have been accessible to frogs (Fig. S 5), and the first split time derived from GADMA/DaDi
models suggests that the split between the northwestern and southern populations would have
occurred about 22 kya, between these two LGM intervals of glacial expansion. The relative
effective population sizes of these populations after their split suggest that frogs inhabited the
northwestern watershed first and colonized the southern watershed from there. In the last three to
ten thousand years or so, the southern but particularly the northwestern populations have
undergone periods of exponential population growth, perhaps fostered by the decreasing aridity
and increasing stability of the South American climate at that time (Riris & Arroyo-Kalin, 2019).
The inference that the northwestern population is both the largest and oldest of the three is
corroborated by northwestern frogs today being characterized by the highest heterozygosities and
lowest inbreeding coefficients sampled anywhere on the landscape (Fig. 5 A and Fig. 5 D). This
area of the landscape is also characterized by a low load metric (Fig. 5 G), which could be due to
relatively efficient selection being able to act against deleterious variants of additive effect in this
area of high effective population size.

Similarly, demographic modelling suggests that the northeastern population split from the
southern population well before the LIA, about 15 kya. This split time corresponds with the time
interval between the younger LGM interval of glacial expansion (16 — 18 kya) and a post-LGM
period of glacial re-expansion that would have occurred from about 10 — 12 kya in the Peruvian
Andes. Unlike the northwestern and southern populations, the northeastern population appears to
have undergone a population contraction in recent millennia. The inference that the northeastern
population is the youngest of the three watershed populations and has the smallest effective size
is supported by it having the lowest heterozygosities and highest inbreeding coefficients sampled
anywhere on the landscape (Fig. 5 A and Fig. 5 D). This part of the landscape is also
characterized by a high load metric (Fig. 5 G), which could be consistent with a reduced efficacy
of selection against deleterious variants due to low effective population size.

1.4.2. Reduced genetic diversity at the expansion front
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Studies of other examples of range expansion (invasive species, expansion out of ice age refugia,
etc.) suggest that increasing distance along a colonization front is typically associated with
declining heterozygosity, increasing inbreeding coefficients, and increasing differentiation of
successive demes from the source population (Arenas et al., 2012; Dlugosch & Parker, 2008;
Hewitt, 2004). Documenting whether such an erosion of available genetic diversity along the
range front is observed in species undergoing climate-driven range expansion is of interest on
conservation biology given the profound importance of genetic variation in providing the
substrate for evolutionary change Fisher, 1930; Lewontin, 1974). As we hypothesized, we do
observe this same genomic signature of range expansion in the Cordillera Vilcanota, particularly
along Osjollo Pass in the north to south direction. This 150-year-old expansion front is
characterized by decreasing heterozygosity and increasing inbreeding coefficients. These trends
can be observed continuing up to the highest part of Osjollo at 5400 m a.s.l., nearly at the
southern mouth of the pass, where the last glacial ice melted and made Osjollo a continuously
deglaciated corridor in 1980. Osjollo Pass is also characterized by increasing deme
differentiation in excess of what we observe in parts of the landscape that have instead been
stably populated over the last 150 years (Fig. 6).

Chimboya Pass, which reaches a maximal elevation of 5100 m a.s.l. and would have become
continuously deglaciated sooner than Osjollo Pass, does not exhibit as strong a signature of the
post-LIA expansion. However, a gentle decline in heterozygosity and increase in the inbreeding
coefficient is also evident along Chimboya along the south-to-north transect (Fig. 5 C, Fig. 5 F).
Once again, we also see a pattern of increasing deme differentiation over space in excess of the
pattern observable in the downslope, stable part of the range, though that relationship is not as
dramatic as for Osjollo (Fig. 6).

1.4.3 Expansion has provided frogs with novel opportunities for gene flow

Changes in species distributions may also be associated with changing patterns of gene flow
across the landscape (Flantua et al., 2019; Hoffmann et al., 2011). While range contractions can
sever existing connections between populations, range expansions can forge new points of
contact between them. Many studies have modelled how gene flow within species' ranges might
be altered by climate-driven distributional changes (Velo-Anton et al., 2013; Wasserman et al.,
2013) but we have only just begun to quantify these patterns in natural populations (Bi et al.,
2019; Garroway et al., 2011; Ramos et al., 2018). P. marmoratum offers an important exemplar
of climate-driven distributional change that has created new opportunities for gene flow, with
deglaciated mountain passes becoming movement corridors for frogs across the barrier once
presented by the heavily-glaciated Cordillera Vilcanota. Admixture in these passes is evidenced
by a peak in heterozygosity and trough in the inbreeding coefficient towards the southern mouth
of Osjollo Pass (Fig. 5 B, Fig. 5 E) and towards the northern mouth of Chimboya Pass (Fig. 5 C,
Fig. 5 F). The recency with which frogs from northern and southern watersheds have met in
Osjollo Pass is evident in the steep clines of ancestry proportions observed in that area (Fig. 3
A), though relatively steep clines in ancestry are still observable in the older Chimboya Pass
populations (Fig. 3 B).

Although our demographic models suggest that frogs were living both to the north and south of
the Vilcanota and so could colonize mountain passes bidirectionally after the LIA, the final
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glacial ice to melt before Osjollo became a continuously deglaciated corridor in about 1980 was
near to its southern mouth, where Osjollo Pass peaks at 5400 m a.s.l. (Seimon et al., 2007). Our
data from the southern mouth of Osjollo is consistent with what we would expect if frogs from
the differentiated populations north and south of the mountains were meeting and breeding there:
low inbreeding coefficients and higher heterozygosity (Fig. 5 B, Fig. 5 E). The southern mouth
of Osjollo also has the lowest values of our expansion load metric of any part of the study
landscape, indicating relatively few high-impact mutations circulating in this zone relative to the
heterozygosity of the frogs there (Fig. 5 G). This finding is contrary to our stated hypothesis, that
populations along the expansion front should accumulate rare, deleterious mutations. Our
interpretation is that, since this expansion occurred over less than 150 years, there was
insufficient time for the accumulation of deleterious mutations of additive effect. Meanwhile,
any deleterious, recessive mutations of large effect that may have been circulating in the
ancestral, downslope populations could have been purged by the low effective population sizes at
the leading edge of the upslope expansion (Gilbert et al., 2018).

1.5 Conclusion

Genetic diversity is considered an essential variable that we must monitor if we are to keep track
of the integrity of our biosphere under rapid global change (Pereira et al., 2020; Steffen et al.,
2015). Here, we have focused on what is happening along the leading edge of a climate-change
driven range expansion to understand its consequences for genomic diversity. As hypothesized,
genetic diversity was depleted along the colonization front, with heterozygosity declining and
inbreeding coefficients increasing—even though, contrary to our expectations, we did not see the
buildup of mutational load. However, as we anticipated, expansion also created new
opportunities for gene flow across the mountain passes, providing opportunities for the
restoration of eroded diversity. These genomic consequences of climate change are critical given
direct links between population heterozygosity and fitness (Reed & Frankham, 2003). Their
implications for the adaptive potential of populations on the leading edge of range expansions
may be of particular significance (Gonzalez-Martinez et al., 2017; Pennington et al., 2021).
Future studies will reveal how the repercussions of climate-driven range expansions for genetic
diversity and opportunities for gene flow may impact their adaptive potential and the efficacy of
selection in range edge populations.
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Table S 1. Statistics representing the contiguity and completeness of the Pleurodema
marmoratum genome compared to other published, landmark anuran genomes.

Genome Pleurodema  Nanorana Rana Rana Xenopus  Xenopus

assembly marmoratum  parkeri catesbeiana marina tropicalis laevis
(v1.0) (v2.0) (v2.1) (v2.2) (v9.1) (v9.2)

Total length 1.79 2.07 6.25 2.55 1.44 2.72

(Gb)

Technology 10X Illumina,  Illumina, PacBio, PacBio, PacBio,

RNA-seq 10X [Mlumina [lumina [Nlumina

No. scaffolds 110,000 135,000 1,540,000 31,000 7,000 108,000

Scaffold NS0 2,380 1,060 39 168 135,000 137,000

(kb)

BUSCO (%)

Complete 63.5 83.4 42.3 80.9 87.5 52.9

single copy

Complete 1.5 1.6 0.9 2.2 1.0 39.8

duplicate

Fragment 14.7 7.2 22.3 7.5 6.0 3.2

Table S 2. Estimated heterozygosity (He) across sampled Pleurodema marmoratum individuals
in the Cordillera Vilcanota, compared to He for other species of frogs where He was calculated

based on whole-genome data.

Species Estimated Data type Reference
heterozygosity (He)

Cane toad (Rhinella marina) 0.05-0.21 % ddRAD (Mittan-Moreau et

al., 2022)

Cerro Campana stubfoot toad 0.16-0.27 % Whole exome (Byrne et al., 2021)

(Atelopus zeteki)

Marbled four-eyed frog 0.19 %

(Pleurodema marmoratum)

Variable harlequin frog (Atelopus 0.27-0.31 % Whole exome (Byrne et al., 2021)

varius)

High Himalaya frog (Nanorana 0.43 % Whole genome(Sun et al., 2015)

parkeri)

sequencing
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Fst

Table S 3. Linearized Fs (1 ; ) over distance (km) for site pairs in mountain pass habitat versus
st

habitat in downslope habitat that has been inhabited more stably over time.

Site pairs Intercept Coefficient Adj. r?
Osjollo Pass 3.3 1072+ 3.4 - 1072** 0.78
Chimboya Pass 5.2 - 10 1.3 - 1025 0.87
Core downslope 6.4 - 1072* 7.3 - 103%*x 0.54

Figure S 1. Folded site frequency spectrum

8
g
5
>
a
(o]
=
=
5
g &
o
Sl . . . .
O QO O O
= N N >

Allele frequency (out of 192)

Figure S 2. The relationship between genetic principal components (PCs) and elevation. (A)
PC1 and PC2, and (B) PC3 and PC4, colored by the elevation at which frogs were sampled. (C)
PC3 shown in relationship to the elevation of sampled frogs.
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Figure S 3. OHANA plots showing ancestry components for frogs, organized by the three
watersheds from which frogs were sampled (south, northwest, and northeast), as well as unrooted
trees showing the relationship between these components. The structure plots are displayed for
(A)k=2,(B)k=3,(D) k=4, (F) k=35, and (H) k= 6. The unrooted trees are displayed for (C) k&
=3,(E) k=4, (G) k=15, and (I) k = 6. Both structure plots and unrooted trees are colored so that

the primary ancestry component at k = 3 matches the colors assigned to watersheds in Fig. 1.
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Figure S 4. OHANA ancestry components of individual frogs displayed as pie charts on the
genetic PCA (Fig. 2).
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Figure S 5. (A) The range of Pleurodema marmoratum (grey polygon) in South America (black
polygon) in relationship to the extent of glacial ice during the Last Glacial Maximum (LGM,
white polygon). The red rectangle shows the bounding box for the Cordillera Vilcanota. (B) An
inset of the Cordillera Vilcanota, showing the extent of glacial ice during the LGM (white
polygon), the current extent of glacial ice (detailed black outline), sites where frogs were
sampled for this project (red points), and the area beyond the range of P. marmoratum (black
hashing).
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CHAPTER 2

Rapid genetic adaptation during climate-change driven range expansion of
the Marbled four-eyed frog (Pleurodema marmoratum)

Emma Steigerwald, Diana Aguilar-Gomez, Lydia Smith, Juan Carlos Chaparro, Rasmus Nielsen

Abstract

My second chapter uses field-collected temperature data and the low-coverage genome
sequencing dataset to detect putative genetic adaptation to high elevation. Enhanced genetic drift
may impact selection efficacy at changing distributional limits, and if this is true for climate-
driven range expansions then leading-edge populations may be more adaptively mismatched to
their environment than ancestral populations. After functionally annotating the P. marmoratum
genome, we use genotype-by-environment association tests to identify putative high elevation
adaptation genes and examine allele frequencies at the relevant outlier loci along the elevational
gradient. We show that the new elevations P. marmoratum colonized expose them to their
critical thermal limits, and identify candidate genes putatively involved in their adaptation to
high elevation conditions. Finally, we see that allele frequencies for these candidate genes
behave unpredictably in the newly-colonized landscape. Our results suggest that selection may
be relatively ineffective during the course of a rapid, climate-change driven range expansion.
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2.1 Introduction

Range expansions can allow species to alleviate the stress of anthropogenic climate change
(Cahill et al., 2012). In the course of colonizing new habitat, species often encounter novel
environmental conditions and biotic interactions, to which they must adapt if they are to
successfully establish themselves (Kirkpatrick & Barton, 1997; Polechovd & Barton, 2015).
Their adaptation may be based on changes in genetic sequences or gene expression, but
ultimately plasticity will be insufficient to support range expansions in many cases (Gunderson
& Stillman, 2015). Therefore, studies scrutinizing how populations along contemporary climate-
change-driven range expansion fronts are, or are not, rapidly genetically adapting to their novel
environments will be important for understanding the implications of climate change for the
persistence of biodiversity (Urban et al., 2016).

Different scenarios of range expansion can be useful for informing our expectations of genetic
adaptation during climate-change-driven range expansion. For example, many studies have
documented local adaptation along environmental gradients by species expanding postglacially
out of Ice Age refugia (Eidesen et al., 2015; Lai et al., 2019; Morch et al., 2019) or by invasive
species expanding into non-native habitats (Bossdorf et al., 2005; Sakanari & Moser, 1990;
Wilson-Rich & Starks, 2010). Generally, these studies indicate that these populations are subject
to accelerated genetic drift and thus decreased selection efficacy relative to populations within
the stable distribution of a species (Gonzalez-Martinez et al., 2017; Willi et al., 2018). However,
in the case of expansions out of Ice Age refugia, the velocity of that climate change was much
slower than the velocity of anthropogenic climate change (Loarie et al., 2009). Slower climate
velocity allows for slower range expansions in climatic niche-tracking species, and consequently
larger effective population sizes that are less subject to genetic drift (Garnier & Lewis, 2016).
Also, these expansions are old enough—typically up to twenty thousand years old—that using
contemporary samples we do not know whether species' initial adaptation may have relied on
plasticity, with any molecular sequence-based changes now observable along those expansion
fronts having instead accrued in the intervening millennia (Price et al., 2003). In the case of the
expansions of invasive species, many expansions are comprised of admixed genotypes
originating from the interbreeding of individuals introduced from multiple source localities,
producing artificially elevated diversity on which evolution may act (Bossdorf et al., 2005;
Dlugosch & Parker, 2008). Invasive species also tend to be characterized by a subset of
ecological traits conferring high evolutionary capacity, like high mutation rates, high fecundity,
and short generation times (Urban, 2020). Thus, although other scenarios of range expansion can
help inform our expectations for contemporary, climate-change driven range expansions, each
analogy has important limitations as a basis for comparison.

To understand whether species undergoing climate-change driven range shifts may be rapidly
genetically adapting to the environments they colonize, we studied the Marbled four-eyed frog
(Pleurodema marmoratum) in the Cordillera Vilcanota, Peru. There, this species has expanded
its upslope range in response to deglaciation since the end of the Little Ice Age (1850 AD),
exposing the animals to extreme high elevation conditions (Seimon et al., 2007). In fact, this
species' expansion upslope has made it the highest living amphibian in the world, reaching up to
5,400 m a.s.l.—hundreds of meters higher than the highest living amphibians in the Himalayas
(Wang et al., 2018). At 5,400 m a.s.l., frogs contend with a suite of novel, intense abiotic
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selective pressures: intense UV, a partial oxygen pressure 50-60 % of that at sea level, and the
fastest soil freezing rates in the world (Schmidt et al., 2009; Seimon et al., 2017; Wang,
Hiderma, et al., 2014). We employed a low-coverage, whole genome resequencing approach.
This approach is particularly advantageous for studying this very young landscape, since
signatures of selection can be highly localized within the genome (Lowry et al., 2016; Tiffin &
Ross-Ibarra, 2014) and even sequencing approaches that use a reduced representation approach
leave a large portion of the genome unsampled (Lou et al., 2021).

We tested the following hypotheses relating to the genetic sequence-based high elevation
adaptation (HEA) of Pleurodema marmoratum:

(H1) At their new upslope range limit, P. marmoratum are more frequently exposed to
their thermal limits relative to other parts of their sampled range; demonstrating a component of
the selective pressure they are under at extreme high elevations.

(H2) Based on other studies of HEA in amphibian systems (Muiret al., 2014; Sun et al.,
2018; Wang et al., 2018; Weber et al., 2002; Yang et al., 2012), we expect that candidate genes
involved in high elevation adaptation (HEA) will be associated with biological functions relating
to oxidative stress response; hypoxia response; DNA repair; functioning of the cardiovascular,
nervous, and immune systems; tissue integrity; and metabolism. Oxidative stress, hypoxia, and
DNA damage increase with altitude, while the various physiological responses catalogued are
largely responses to these stressors, to decreasing nutrients availability, and to changing light
regimes (Cheviron & Brumfield, 2012).

(H3) Due to strong genetic drift during rapid range expansion (Excoffier et al., 2009),
allele frequencies will undergo larger changes in newly colonized habitats (5,100 — 5,400 m.
a.s.l.) relative to more stationary parts of the range, but not necessarily in an adaptive direction.
Therefore, candidate high elevation adaptation alleles that we identify may even decline in
frequency or be lost across the elevational range expansion front in P. marmoratum.

(H4) Since the end of the last glacial maximum (LGM), frogs have experienced multiple
rounds of glacial expansion and deglaciation, which we expect resulted in repeated downslope
range contraction and upslope range expansion (Martini et al., 2017). Therefore, candidate HEA
loci in genes associated with response to oxidative stress, DNA damage repair, and hypoxia will
be under balancing selection due to temporally variable selection pressures.

This study provides an exciting opportunity to examine whether and to what extent
species are undergoing extraordinarily rapid adaptation to climate-change driven elevational
range shifts.

2.2 Methods
2.2.1 Quantifying exposure to temperature extremes

To obtain data regarding the environmental conditions experienced by P. marmoratum in our
study area, DS1921G Thermocron Temperature Loggers (OnSolution Pty Ltd, Sydney,
Australia; hereafter, 'iButtons') were placed at a 20 sampling sites during the March—May 2018
field season, with paired iButtons deployed to measure temperature every four hours in adjacent
aquatic and terrestrial microhabitats. Aquatic iButtons were protected with rubber spray sealant,
glued to the inside of a 3 cm-diameter PVC tube of 12 cm length, and placed in ephemeral ponds
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containing P. marmoratum tadpoles. Terrestrial iButtons were glued to the inside of a 10 cm
funnel, which was placed upside down and covered with rocks in a location where adult P.
marmoratum occurred. Data were downloaded from recovered iButtons during the March—May
2019 sampling season.

2.2.2 Reference genome annotation

To enable description of the location of outlier SNPs from subsequent selection tests relative to
known genes, the genome of P. marmoratum (see Chapter 1, section 1.3.1) was structurally and
functionally annotated. The structural components—predicted genes, intergenic regions, exons,
UTR, etc.—were first annotated with GeMoMa (v1.9; Keilwagen et al., 2019). As input data,
reference genome annotations from Engystomops pustulosus (v1.0); from the model frog species
Xenopus laevis (v10.1); from an amphibian species used in many genomic studies of extreme
high elevation adaptation, Nanorana parkeri (v1.0); and from the model tetrapod species, Mus
musculus (GRCm39) and Homo sapiens (GRCh38), were downloaded from the NCBI Assembly
database. Additionally, RNA sequence data from Engystomops pustulosus, the closest-related
organism for which substantial RNAseq data was available, were downloaded from the NCBI
Sequence Read Archive (SRR10362873, SRR10362870, SRR10362872, SRR10362875,
SRR10362876, SRR10362877, SRR10362878, SRR10362879, SRR10362887, SRR10362888,
SRR10362889, SRR10362890, SRR10362891, SRR10362892, SRR10362893, SRR10362894,
SRR10362895, SRR10362883, SRR10362884, SRR10362886, SRR10362881, SRR10362882,
SRR10362880). RNAseq FASTQ files were aligned to the unmasked P. marmoratum reference
genome using STAR (v2.7.10b; Dobin et al. 2013), then in samtools (v1.16.1) were converted to
BAM format while excluding reads as follows: unmapped reads, reads where the mate-pair read
was unmapped, reads that were not the primary alignment, reads that failed platform or vendor
quality checks, and reads that were either PCR or optical duplicates. Finally, BAM were sorted
by leftmost coordinates and indexed.

Next, we annotated functional aspects of the genome—proteins, hypothetical proteins, GO terms,
etc. using Funannotate (v1.8.15; Palmer & Stajich, 2016). This pipeline aggregates predictive
information about protein function from databases accessed with InterProScan, a tool that
searches protein databases to identify conserved protein domains, motifs, and functional sites
(v95.0; Jones et al.,, 2014); Eggnog-mapper, a database providing orthologous groups and
functional annotations for proteins (v2.1.10; Cantalapiedra et al., 2021); Pfam, a database of
protein families and domains (v2.1.10; El-gebali et al., 2019); CaZy, a database of carbohydrate-
active enzymes (v11; Drula et al., 2022); MEROPS, a database of peptidases and proteases
(v12.0; Rawlings et al., 2018); and the BUSCO tetrapoda odb10 database, a database of genes
we expect to be highly conserved in single-copy across tetrapod diversity (v1.0; Simdo et al.,
2015). For any protein annotated as “hypothetical protein” and containing a fully-resolved EC
number (i.e., resolved to 4-digits), the “hypothetical protein” annotation was replaced with the
EC number’s product in the EXPASSY Enzyme database (28 June 2023 release; Bairoch, 2000).
If the EC number was only resolved to three digits or fewer, the “hypothetical protein”
annotation was kept and the EC number removed. To evaluate the annotation for completeness,
the proportion of conserved, single-copy orthologs expected to be present across tetrapods
(tetrapoda_odb10 database; Simado et al., 2015) was calculated for the final annotation and
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compared to the statistics already calculated for the assembled genome (see Chapter 1, section
1.3.1).

2.2.3 Genotype-by-environment association tests

These analyses made use of the field and whole genome resequencing data described in Chapter
1, sections 1.2.1 and 1.2.3. To identify candidate loci for high elevation adaptation, three
separate genotype-by-environment association (GEA) tests were conducted: one using
redundancy analysis (RDA), one using latent factor mixed models (LFMM), and one using
ANGSD doAsso (Caye et al., 2019; Forester et al., 2018; Oksanen, 2012; Skotte et al., 2012).
Each of these GEA tests has its strengths and weaknesses, so comparing the outliers may lend
additional insight into HEA in P. marmoratum.

To create the input file for the former two tests, the sites obtained by applying filters through
ANGSD and ngsParalog (15,746,373 sites, see Chapter 1, section 1.2.3) were used to create an
mpileup file. Genetic variants were called in a VCF with bcftools using this mpileup file as the
input (v1.15.1; Danecek et al., 2021). With plink2, first a pgen and then a RAW format version
of this VCF was created (v1.90b6.7; Chen et al., 2019). In this final step, a minor allele
frequency filter removing variants with a frequency of <5 % was applied, resulting in a final set
of 626,493 sites. This minor allele frequency filter is imposed because inferences about very low
frequency variants are more impacted by sequencing error, and the lowest frequency variants are
less likely to be highly functionally significant while greatly increasing computational burden.

Both RDA and doAsso can use externally-produced principal components (PCs) of genetic
structure to account and control for the underlying genetic structure of the data. A scree plot was
used to select the first four PCs of the eigen decomposition of the covariance matrix produced by
PCAngsd (see Chapter 1, section 1.2.4) as adequately representing population genetic structure.
The eigenvectors for individuals along each of these four PCs were saved to a text file as input
for RDA and doAsso.

RDA was conducted using the R package vegan (v2.6-4; Oksanen, 2012). This GEA approach
can achieve higher power than LFMM when sample sizes are very small and in cases of weak,
multilocus selection, since it considers how sets of SNPs may covary in response to an
environmental variable of interest (Forester et al., 2018; Rellstab et al., 2015). First, bioclim
variables were extracted from Wordclim at the coordinates of resequenced frogs and the
resolution of 0.5 minutes of a degree (Fick & Hijmans, 2017). Retained environmental variables
were elevation and any bioclim variables that did not covary with elevation, did not covary with
one another, and had clear biological significance for the study species. RAW formatted
genotype data was imported to R using the package adegenet (v2.1.10; Jombart, 2011). Partial
RDA was then used to model the relationship between genotypes and environmental predictors
with multivariate linear regression (Forester et al., 2018). The four genetic PCs from PCAngsd
were included as conditioning variables in this partial RDA, such that variation in the genetic
data could be partitioned as being attributable to shared ancestry or population history rather than
environment, removing possibly false positive signals. From this RDA, the loadings of loci for
the two ordination axes were used to identify outliers following an established procedure
(Capblancq et al., 2018), first calculating Mahalanobis distances between each site and the center
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of the RDA distribution using two degrees of freedom in the R package robust (v0.7-2; Wang,
Zamar, et al., 2014) and then converting these distances to a p-value. SNPs were considered
outliers when their p-value was less than the Bonferroni-adjusted threshold of 0.05 (p < 1.93-10
%). Outlier SNPs were associated with the predictor variable with which they were most highly
correlated.

LFMM was conducted using the R package Ifmm (v1.0; Caye et al., 2019). This GEA approach
uses latent factors to control for the confounding effects of population structure and unobserved
demographic processes, reducing the likelihood of allele frequency signatures being falsely
attributed to structure alone through the simultaneous estimation of the impacts of environmental
variables and of genetic structure on allele frequencies (Caye et al., 2019). For this approach,
RAW genotype data was again imported to R with adegenet (Jombart, 2011). The LFMM ridges
estimation was used to fit a model of the association between these genotypes and the elevation
of sampled frogs, specifying that four principal components of genetic structure should be
included as latent factors in the model. The association test was then performed using the
resulting fitted model, calibrating the test using the genomic inflation factor (GIF). Again, SNPs
were considered outliers when their p-value was less than the Bonferroni-adjusted threshold of
0.05 (p <1.93-10%).

An additive model using a generalized linear framework was used to test for genetic association
with elevation in ANGSD with -doAsso 2 (v 0.941-11-g7a5e0db; Skotte et al. 2012). This GEA
approach is specifically designed for low-depth sequencing data, and so accounts for genotype
uncertainty by modelling unobserved genotypes as latent variables (Jorsboe, 2022). This set
required the BAM alignment files of processed reads against the P. marmoratum reference
genome (see Chapter 1, section 1.2.3) as input genotypes, the elevation of sampled frogs as input
phenotypes (yQuant), and the text file of the first four genetic PCs from PCAngsd as input
covariates (cov). The filters applied to sites included those applied to the sites used in RDA and
LFMM, but additionally a filter that excluded sites with fewer than 30 highly credible genotypes
across the 192 sampled frogs (-minHigh 30), resulting in a final set of 373,176 sites. Output
likelihood ratios were converted into p-values, with SNPs again considered outliers when their p-
value was less than the Bonferroni-adjusted threshold of 0.01 (p < 2.68-10"®), with a more
stringent threshold implemented due to a higher recovery of outlier loci with this test.

Outlier SNPs from all tests were annotated in SNPeff (v5.1d; Cingolani et al., 2012) to determine
SNPs genomic location relative to genes, the identity of these genes, and the predicted impact of
mutations at these sites. To use this program, a custom SNPeff database was first built from final
functional annotation GFF file.

2.2.4 Genome-wide selection scans

To differentiate the type of selection affecting the portions of the genome containing outlier
SNPs, Tajima's D (Tajima, 1989) was calculated for sliding windows across the entire genome in
ANGSD (Korneliussen et al., 2014). The value of D summarizes the distribution of allele
frequencies. An excess of intermediate-frequency variants and thus positive value of D may
indicate balancing selection, though could also be attributable to a population bottleneck event,
population structure, or other factors. Meanwhile, an excess of low-frequency variants and thus a
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negative value of D may indicate a recent selective sweep or purifying selection, though could
also be driven by recent demographic expansion, low-frequency variants recently entering the
population by migration, or other factors. However, D is still useful to provide insight into
genomic outliers that GEA methods have already suggested to be under selection. To this end,
site allele frequency likelihoods were calculated using doSaf -1 of all the sites that passed the
SNP filters and the invariable sites that passed the mapping and read quality filters. Then the
maximum likelihood estimate of the folded site frequency spectrum was calculated (realSFS),
and thetas estimate for each site using saf2theta (Korneliussen et al., 2013). Tajima’s D was
calculated according to the formula described in (Tajima, 1989), using windows of 600 base
pairs and a step size of 100 base pairs. Outlier SNPs from GEA tests were assigned the average
D of all windows overlapping them.

2.2.5 Visualizing outlier frequency across elevations

To visualize changes in SNP frequencies over the elevational gradient at sites identified as
candidates for HEA, outlier sites were extracted from a VCF. Individuals were grouped into five
equal elevational bins (3900-4200, 4200-4500, 4500-4800, 4800-5100, and 5100-5400). Within
each bin, allele frequencies at outlier sites were calculated for RDA and LFMM by counting
instances of whichever allele was the minor allele in the lowest elevational bin and dividing this
sum by the total number of alleles in that bin. Allele frequencies at outlier sites were calculated
for doAsso by multiplying genotype likelihoods for each frog by 0 for the homozygotes of the
major allele in the lowest elevational bin, 1 for heterozygotes, and 2 for homozygotes of the
minor allele in the lowest elevational bin; summing these values across the elevational bin; and
dividing this sum by the total number of alleles in that bin.

2.2.6 Gene ontology enrichment analysis

Gene ontology (GO) enrichment analysis, a computational method used to determine the
biological processes, molecular functions, and cellular components that are overrepresented or
enriched within a particular gene set, was then conducted for variants held in common between
the independent genotype-by-environment association analyses using topGo in R (v2.50.0; Alexa
& Rahnenfiihrer, 2009). For each GEA test, genes associated with identified outlier SNPs were
considered a predetermined set of interesting genes. The gene universe was defined by reading in
a file with a complete mapping of all the genes annotated in the P. marmoratum genomes and
their accompanying GO terms recovered through the functional annotation pipeline.
Hypergeometric tests were conducted to determine if the gene set of interest was significantly
enriched with genes associated with specific Gene Ontology terms relative to the complete gene
set annotated in the P. marmoratum genome. Separate tests were conducted for the molecular
function (MF) and biological process (BP) categories of GO terms.

2.3 Results
2.3.1 Quantifying exposure to temperature extremes

With increasing elevation, average annual daily maximal temperatures stay relatively stable but
annual average daily minimal temperatures decline in both terrestrial and aquatic microhabitats,
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such that the annual average diel temperature range amplifies (Fig. 1 A). The proportion of time
that iButtons spend outside of the critical thermal limits of Pleurodema marmoratum increases
with elevation (Fig. 1 B), with increased occurrence of both temperatures exceeding this species'
critical thermal maximum and dipping below its lower critical thermal limit (Fig. 1 A).

2.3.2 Reference genome annotation

Structural annotation predicted the presence and structure of 28,703 genes, 43,915 mRNAs, and
303,541 coding sequences (CDS) in the P. marmoratum genome. Of this final set of filtered
genes, 19,234 were orthologous to genes in E. pustulosus; 12,543 were orthologous to genes in
X. laevis; 9,940 were orthologous to genes in N. parkeri; 9,931 were orthologous to genes in M.
musculus; and 10,474 were orthologous to genes in H. sapiens. In the process of functional
annotation, 37,084 gene annotations were obtained from analysis with Interproscan; 38,780 from
Eggnog; 30,759 from Pfam; 510 from CaZy; and 1,738 from MEROPS. A total of 33,012 GO
terms were associated with annotated genes. The final genome annotation recovered 63.8 % of
all complete genes in the BUSCO set. This statistic compares favorably to the 65 % initially
recovered in the genome assembly (see Chapter 1, section 1.3.1).
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Figure 1. Exposure to temperature extremes along the elevational gradient. (A) Temperature data for
terrestrially and aquatically-placed iButtons. Violin plots show the raw data, the red line represents
average annual daily maximum temperatures, and the blue line shows average annual daily minimum
temperatures. The upper black dotted line shows the critical thermal maximum for P. marmoratum and
the lower black dotted line shows the mean temperature withstood by frogs that were able to recover after
being frozen. (B) The proportion of time that terrestrially and aquatically-placed iButtons were outside of
frogs' critical thermal limits across the elevational gradient.

2.3.3 Genotype-by-environment association tests, genome-wide selection scans, and gene
ontology enrichment analysis

In RDA, only elevation and mean diurnal temperature range (BIO2) were retained as
environmental axes. The model built with these axes and elevation data was significant, as were
each of the environmental predictors (p < 0.0001). The model explained 1.00 % of variation in
the genetic data, with elevation alone explaining 0.56 % of the variation. 30 outlier SNPs
retained using the Bonferroni-corrected p-value threshold for significance (p < 1.91-10°%) were
most correlated with elevation (Fig. 2), while 23 were instead most correlated with mean diurnal
temperature range. Of the 30 candidate HEA outlier SNPs, 18 SNPs could be associated with
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annotated genes, with the remaining 12 SNPs either associated with hypothetical genes, too
distant from known genes to be annotated, or on scaffolds too small to contain annotated genes.
Meanwhile, of the 32 outlier SNPs from LFMM retained using the Bonferroni-corrected p-value
threshold for significance (p < 1.91-10"®), 15 could be associated with annotated genes; and of
the 64 outlier SNPs from doAsso retained using the Bonferroni-corrected p-value threshold for
significance (p < 2.83-10°), 28 could be associated with annotated genes. Outlier SNPs and
candidate genes identified did not overlap between doAsso, RDA, and LFMM.
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Figure 2. Manhattan plots showing outliers from GEA tests from (A) doAsso, (B) RDA, and (C) LFMM.
The Bonferroni-adjusted significance threshold is shown with the horizontal red line, and alternating
scaffolds along the genome are shown in grey and blue. Outlier SNPs featured in Table S 2 are annotated
with the relevant gene name.

Most outlier SNPs were in portions of the genome characterized by negative Tajima's D values
(Table S 2). Among the annotated genes associated with outlier SNPs from RDA, LFMM, and
doAsso, those having known associations with HEA in other studied systems or else clear links
to biological processes involved in HEA are catalogued in the supplements (Table S 2). These
genes were enriched for GO terms with strong associations to hypoxia sensing and response
pathways; energy metabolism; cardiovascular and neural functioning; immune and inflammatory
responses; response to oxidative stress; DNA repair; the regulation of gene expression, tissue
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integrity, growth, and repair; the regulation of hormone secretion; the maintenance of ion
balance; and the promotion of protein stability and regulation of protein activity (Table S 3).

2.3.4 Visualizing outlier frequency across elevations

The different GEA tests detected outlier SNPs characterized by different frequency changes
relative to elevation (Fig. 3). LFMM outliers were characterized by monotonic allele frequency
changes relative to elevation—uniformly increasing or decreasing in frequency relative to
elevation. LFMM outliers were also characterized by the most dramatic changes in allele
frequencies relative to elevation (Fig. 3 C). RDA outliers were characterized by the most subtle
allele frequency changes relative to elevation (Fig. 3 B). Both doAsso and RDA not only
captured SNPs that monotonically increased or decreased in frequency relative to elevation, but
also a substantial number of outliers that initially increased in frequency relative to elevation and
then dramatically declined again in the highest elevational bins (Fig. 3 A-B).
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Figure 3. Allele frequencies along the elevational gradient for outlier SNPs identified with (A) doAsso,
(B) RDA, and (¢c) LFMM. The top row shows outlier SNPs from each approach where the major allele at
the lowest elevations sampled (3900-4200 m. a.s.l.) increases with elevation, the middle row shows SNPs
where it decreases, and the bottom row shows SNPs that first increase and then decline.
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2.4 Discussion

In this study of genetic adaptation during climate-change-driven range expansion, the Marbled
four-eyed frogs (Pleurodema marmoratum) are found to be exposed to their critical thermal
limits at the expanding edge of their range. Candidate loci that are putatively involved in
enabling high elevation adaptation (HEA) of frogs along the elevational gradient examined in the
Vilcanota were identified. However, we saw evidence of genetic drift impacting selection
efficacy across the upslope elevational expansion front (those sites above 5,100 m. a.s.l.) of P.
marmoratum, where putatively adaptive alleles often declined rapidly in frequency.

2.4.1 Candidate genes may be subject to temporally fluctuating selection and do not
overlap between GEA tests

The three GEA approaches employed in this study have no overlap in the candidate genes they
identify for HEA. Overlapping detections can increase confidence in high true positive and low
false negative rates for tests. However, detections are only expected to overlap in the case of
genes that have been subject to strong, hard selective sweeps (Corre & Kremer, 2012; Frangois et
al., 2016), and we don't expect hard sweeps to play an important role in the rapid HEA of P.
marmoratum. In other words, all GEA methods will perform well in identifying candidate genes
when a new mutation arose and was subject to strong selection pressure so quickly that it sweeps
to high frequency on a single genetic background. However, in the case of P. marmoratum,
given how quickly recent elevational expansion has occurred, we expect that selection would
have relied on standing genetic variation and polygenic adaptation, resulting in multiple
mutations and multiple different genetic backgrounds rising to frequency (Hermisson &
Pennings, 2017). Additionally, we expect that cyclical glacial expansion and contraction in the
zone will have resulted in temporally fluctuating selection on HEA loci—this proposition is
supported by candidate HEA genes occurring in regions of the P. marmoratum genome
characterized by relatively large, negative values of Tajima's D. Given our expectations that
selection in the Vilcanota was polygenic, temporally fluctuating, and acting on standing genetic
variation, it is unsurprising that the three GEA tests employed uncovered different sets of
candidate loci and associated genes.

2.4.2 Candidate high elevation adaptation genes play roles in stress response, metabolism,
and the cardiovascular, neural, and immune systems

As expected from previous studies of HEA in amphibians, candidate loci for HEA in P.
marmoratum are not at the same genomic positions or even in the same genes as the loci
identified in studies of HEA in other amphibian systems. Rather, candidate loci are involved in
the same molecular pathways and biological functions that have been found to play a role in the
HEA of other amphibian species (Sun et al., 2018). Broadly, the literature on the specific genes
identified and the recovered GO enrichment terms were strongly associated with hypoxia and
oxidative stress response pathways; DNA repair; energy metabolism; cardiovascular functioning;
neural functioning; immune and inflammatory responses; tissue integrity, growth, and repair; and
gene expression and epigenetic regulation (Table S 3).
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Given the dependable relationship between altitude and hypoxia, it is perhaps unsurprising that
many of the significantly enriched GO terms are closely associated with pathways that sense and
respond to cellular oxygen concentrations. Particularly evident are associations with pathways of
hypoxia inducible factors (HIF). HIFs are master transcription factors which coordinates a broad
array of organismal responses to hypoxic conditions through communication with specific
protein-hormone receptors ('Protein hormone receptor activity'): the formation of new blood
vessels, the production of red blood cells, metabolism, and tissue repair and regeneration, among
others (Cheviron & Brumfield, 2012; Lee et al., 2004). HIF pathways have already been
characterized as responding to freezing and anoxia in wood frogs, Rana sylvatica; appear to be
under selection in very high elevation Asiatic toads (Bufo gargarizans); and seems to be
involved in the convergent evolution of four high-elevation frogs of the Tibetan Plateau (Lu et
al., 2020; Storey et al., 2023; Yang, Qi, & Fu., 2016). Candidate genes in this study were
enriched for terms relating to protein phosphatases (‘protein phosphatase regulator
activity'/'protein phosphatase binding'), which are key regulators of HIF (Pyo et al., 2018). Other
GO terms are related to other key interactants with HIF pathways ('G protein-coupled receptor
activity', 'Protein serine/threonine kinase inhibitor', 'Positive regulation of kinase activity',
'Protein phosphorylation', and "Wnt signaling pathway'; Majmundar et al., 2015; Mottet et al.,
2005; Olechnowicz et al., 2012).

A second critical aspect of adaptation to extreme high elevations reaffirmed by the candidate
gene set from this study is the importance of genes involved in the response to oxidative stress.
Oxidative stress can be more intense at high altitudes—not only due the lower oxygen levels
(hypoxia), leading to an overproduction of reactive oxygen species (ROS) as byproducts of
cellular metabolism relative to the availability of the oxygen required to neutralize them; but
also due to increased metabolic demand as organisms attempt to compensate for reduced oxygen
availability, leading to higher rates of ROS production; cold temperatures, which impair
antioxidant defense systems; higher UV radiation, which directly induces oxidative damage; and
limited nutrient availability, including essential antioxidants (Dosek et al., 2007; Wang, Hiderma,
et al., 2014). Antioxidant activity has already been linked to high elevation adaptation in several
high elevation amphibian species (Fu et al., 2022; Gao et al, 2019; Sun et al., 2018; Yang, Wang,
et al., 2016). Among significantly enriched GO terms from this study were three tightly
associated with cellular maintenance of oxidation-reduction balance: two involved in the
generation of NADPH, an essential component of the antioxidant defense system, and one that
helps protect proteins from irreversible oxidative damage ('6-phosphogluconolactonase'/'Pentose
Phosphate Shunts' and 'Protein-disulfide reductase activity'; Jiang & Zhang, 2002; White &
Someya, 2023).

The candidate gene set also confirms the increasing importance of DNA repair mechanisms with
increasing altitude, as increased UV radiation, oxidative stress, and exposure to extreme weather
conditions tend to lead to single-strand breaks and oxidative lesions in DNA (Lundby et al.,
2003; Sinha & Héder, 2002). Genes associated with outlier SNPs were enriched for several GO
terms related to DNA repair. Two terms were associated with the generation of ribose-5-
phosphate, an essential molecule for DNA repair ('6-phosphogluconolactonase'/'Pentose
Phosphate Shunts'; Habibi et al., 2022; Li et al., 2019). The remaining three terms were
associated with binding damaged DNA, nucleotide excision and repair, and with assisting DNA
polymerase in being capable of bypassing lesions or damage in the DNA template during
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replication ('DNA-directed DNA polymerase activity', 'Damaged DNA binding', and 'Translesion
synthesis'; Yasbin et al., 1993). Similarly, selection on DNA repair systems have been implicated
in the high elevation adaptation of Nanorana genus frogs and Rana kukunornis (Sun et al., 2018;
Yang et al., 2012).

We expect that high elevation adaptation may require adjustments in cellular metabolism to cope
with reduced oxygen availability and changing nutrient availability, and indeed aspects of
metabolism are clearly subject to selection along the elevational gradient in the Vilcanota.
Indeed, selection on metabolic pathways is one of the most consistent signals identified in
genomic studies of the high elevation adaptation of amphibians (Lu et al., 2020; Sun et al., 2018;
Wang et al., 2018; Yang et al., 2012, 2016). Candidate genes were enriched for GO terms
associated with metabolic functioning. Four of these GO terms were directly related to
phosphorylation and dephosphorylation, processes critical to metabolic pathways like glycolysis
and oxidative phosphorylation ('Phosphate ion transmembrane transporters', 'Protein phosphatase
binding', 'Positive regulation of kinase activity', 'Protein phosphorylation', and 'Protein
serine/threonine kinase inhibitor'; Scallen & Sanghvi, 1983; Shacter et al., 1984). Other GO
terms enriched in the gene set are related to the provision of intermediates in glycolysis and other
metabolic pathways ('6-phosphogluconolactonase'), and perhaps the modulation of the rhythm of
metabolism ('Ultradian rhythm'") or mitochondrial fission ('Membrane fission') in response to the
changing environmental cues and energy demands at extreme high elevations.

As prior studies lead us to expect, the cardiovascular, nervous, and immune system appear to be
involved in the HEA of P. marmoratum. Their role in HEA is expected, as these stressful
environments increase demands on cardiovascular performance, impair neural development and
cognitive functioning, and trigger immune responses and inflammatory reactions (Miscio et al.,
2009; Mishra & Ganju, 2010; Naeije, 2010). Three enriched GO terms relate to the messenger
molecular cGMP and are involved in the regulation of heart rate, vessel tone, neuronal function,
and synaptic plasticity ('cGMP biosynthetic process', 'Guanylate cyclase activity', and 'cGMP-
mediated signaling'; Lincoln et al.). Eight enriched GO terms are involved in regulating neuronal
excitability and blood vessel tone through modulating action potential generation ("Action
potential', 'Sodium channel activity', 'Voltage-gated calcium channel activity', 'Calcium ion
binding', 'Calmodulin-lysine N-methyltransferase activity', ' G protein-coupled receptor activity',
'Chemical synaptic transmission', and 'Positive regulation of secretion by cell'; Raghavan et al.,
2019). Three additional GO terms have simultaneous implications for the formation of new
blood vessels, for vascular remodeling, and for neural crest migration during embyogenesis
(‘Transmembrane receptor protein tyrosine phosphatase activity', 'Cadherin binding', and
'Adherens junction organization'; Dejana et al., 2008; Monier-Gavelle & Duband, 1997), which
are functions putatively under selection in the HEA of Nanorana frogs (Sun et al., 2018). Two
enriched GO terms relate to exocytosis. This process plays a vital role in neural signaling
through neurotransmitters and immune signaling through molecules like cytokines and
chemokines ('Regulation of exocytosis' and 'Calcium-ion regulated exocytosis'; Hirashima &
Zasshi, 2000), and has also been highlighted as functionally important in Nanorana (Sun et al.,
2018). Final GO terms associated with these systems are terms related to the modulation of
neurotransmitter and ion channel function ('Adenosine to inosine editing') and to promoting
neuroprotection and plasticity through the production of myelin ('Oligodendrocyte
differentiation'; Domingues et al., 2018).
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Candidate genes for HEA in P marmoratum also highlight the importance of tissue integrity,
growth, and repair in the face of low oxygen availability, temperature fluctuations, and increased
cellular demands. Five enriched GO terms were associated with cell-cell and cell-extracellular
matrix adhesion ('Cadherin binding', 'Adherens junction organization', 'Plasma membrane
organization', 'Positive regulation of protein polymerization', and "Transmembrane receptor
protein tyrosine phosphatase activity'; Taddei et al., 2002). The other associated GO terms were
involved in facilitating cell division, cell structure, and cell migration ('Cytokinetic process',
'Cytoskeleton-dependent cytokinesis', and 'Positive regulation of protein polymerization';
Fletcher & Mullins, 2010). Indeed, genes controlling these same functions —cell adhesion,
migration, and proliferation—are known to be differentially expressed along the elevational
gradient in the Asiatic toad (Bufo gargarizans, Chen et al., 2022).

Finally, several enriched GO terms are closely linked to gene expression and epigenetic
regulation. Changes in gene expression and epigenetic regulation can have far-reaching
implications across cellular and physiological functioning, so could help these frogs rapidly
adjust to the stressors of extreme high elevations. Specifically, GO terms were associated to
regulating gene transcription ('DNA-binding transcription repressor activity'), RNA translation
('Double-stranded RNA binding' and ' tRNA adenosine deaminases'), and chromatin accessibility
and methylation ('Nucleosome organization', Nucleosome binding', 'ATP-dependent chromatin
remodeler activity', and 'Calmodulin-lysine N-methyltransferase activity').

2.4.3 Allele frequencies of most candidate high elevation adaptation loci do not change
monotonically along the recent, rapid, upslope expansion of P. marmoratum

The three different GEA approaches employed identified outlier SNPs characterized by different
relationships between allele frequency and elevation, highlighting the differences in how these
approaches operate. LFMM outliers were characterized by monotonic allele frequency changes
relative to elevation and by the most dramatic overall changes to allele frequencies. Most of the
outliers identified undergo these dramatic allele frequency changes largely in the highest
elevation portion of the study landscape (5,100-5,400 m. a.s.l.), elevations which were only
sampled in one portion of the landscape: Osjollo Pass (see Chapter 1, Fig. 1). RDA and doAsso
conservatively rule out such loci as potentially being attributable to shared ancestry (genetic
PCs) alone, however LFMM is better able to avoid false negatives in this situation through the
simultaneous estimation of the impacts of elevation on both genetic structure and allele
frequencies (Caye et al., 2019). The strength of doAsso is that it is specifically designed for low-
depth sequencing data (Skotte et al., 2012). Meanwhile, RDA outlier SNPs were characterized
by the most subtle allele frequency changes relative to elevation. These subtler signatures make
some sense considering the strengths of RDA as a GEA tool: RDA is particularly powerful in
uncovering weak, multilocus selection, since it considers how sets of SNPs may covary in
response to an environmental variable of interest (Forester et al., 2018; Rellstab et al., 2015).
However, the fact that RDA did not additionally yield variants with stronger signatures requires
further scrutiny.

Both RDA and doAsso identified many loci that initially increased in frequency with elevation,
only to decline again in the highest elevation portion of the landscape. This dropout of putatively
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adaptive alleles may relate to the accentuated genetic drift experienced by the populations range
expanding over the newest, highest elevation portions of the landscape (Slatkin & Excoffier,
2012). The apparent inefficacy of selection during the climate-change driven range expansion of
P. marmoratum raises concerns for the future fitness and adaptive potential of this species in the
newly colonized portions of its range.

2.5 Conclusion

The upslope range expansion of P. marmoratum into upslope habitat deglaciated over the last
150 years provided an exciting opportunity to test for rapid contemporary adaptation in natural
populations responding to climate change. Our work uncovers candidate genes likely
contributing to this species' establishment at the highest elevations ever colonized by any
amphibian, but also provides some evidence that populations undergoing climate-change driven
range shift may be experiencing enhanced genetic drift and consequently the dropout of
beneficial alleles.
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Table S 1. Comparison of BUSCO statistics calculated from the Pleurodema marmoratum
genome assembly compared to those calculated from the final functional genomic annotation of

the genome.
Complete, single Complete, Fragment Missing N
copy duplicate
Assembly 63.5 1.5 14.7 20.3 5310
Annotation 43.4 20.4 11.9 243 5310



S Table S 2. Candidate HEA SNPs in Pleurodema marmoratum from doAsso, RDA, and LFMM, highlighting SNPs in genes that are
candidate HEA genes in other studied systems and a subset of genes with clear connections to biological processes involved in HEA.

Gene name Outlier SNP Tajima's Association with high elevation adaptation (HEA) in other systems  Citation
impact, location D and/or putative functional link to HEA.
doAsso
bone Modifier, -1.89 Strong expression differences between individuals developing acute (Cai et al., 2020; Lu et
morphogenetic upstream gene mountain sickness and not. Candidate gene in hypoxia tolerance in  al., 2016; Yuan et al.,
protein 5 (BMP5)  variant catfish. Involved in vasculogenesis and angiogenesis. 2016)
angiopoietin 2 Modifier, -1.06 Candidate gene in HEA of domesticated pigs. Plays an important (Chang et al., 2023;
(ANGPT2) upstream gene role in vascular remodeling and angiogenesis. Has a broad range of Hobohm et al., 2021;
variant effects on gas exchange, and is involved in inflammation and Wang et al., 2016;
energy metabolism in response to acute hypobaric hypoxia. Zhang, Cheng, et al.,
Regulated by the HIF-1 hypoxia response pathway. 2019)
DNA polymerase Modifier, intron 0.76 Candidate gene in HEA of lizards. Involved in organismal (Takenaka et al., 2006;
kappa (POLK) variant susceptibility to UV radiation. Yang et al., 2014)
ras homolog Modifier, 0.72 Candidate gene in HEA of Andean humans. Candidate gene in (Eichstaedt et al.,
family member B intergenic hypoxia tolerance in mammals. Involved in cellular responses to 2015; Lietal., 2021;
(RHOB) variant oxidative stress. Regulates lung vascular permeability and vascular ~ Zeng et al., 2016)
(94467bp remodeling.
downstream)
ANKH inorganic  Modifier, -0.19 Candidate gene in HEA of domesticated pigs. Candidate gene in (Aietal., 2014;
pyrophosphate intergenic hypoxia tolerance of Tibetan, Sherpa, and Nepalese people. Arciero et al., 2018;
transport regulator region (13507bp Contains two hypoxia-responsive elements (HREs) in proximity to ~ Sharma et al., 2022)
(ANKH) upstream) its promoter region, and thus its expression is regulated by hypoxic
factors (HIFs).
leucine-rich repeat Low, -0.35 Candidate gene in HEA of humans and fruit flies. Regulated by the (Emery, 2015; Zhou et
containing G synonymous Wnt and HIF-2 hypoxia response pathways al., 2021)
protein-coupled  variant

receptor 5 (LGRS)

protein Modifier, intron 0.13 Regulates multiple cellular events, including DNA damage (Wang et al., 2023;
phosphatase 4 variant response, immune response, stem cell development, and glucose Winter et al., 2007)
regulatory subunit metabolism. A key regulator of hypoxia response pathways.

1 (PPP4R1)

hedgehog Modifier, -0.72 Important role regulating the hedhog pathway, which plays a key (Zhou et al., 2013)

interacting protein intergenic role in the development of the lungs and other organs.
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(HHIP) region (5189bp
upstream)
RDA
catenin beta 1 Modifier, -1.89 Candidate gene in HEA of fish, rodents, and domesticated sheep. (Heallen et al., 2011;
(CTNNBI) upstream gene Controls the development of several major organs like the lungs Talaminos-Barroso et
variant and heart, and controls heart size in mice. Activity moderated by al., 2021; Wilkinson et
hypoxic conditions. al., 2015; Yang et al.,
2021; Yuan et al.,
2020; Zhang, Cheng,
etal., 2021)
endonuclease/exon Modifier, intron -1.74 Promotes repair of oxidatively-stressed replication forks. Regulated (Jaiswal et al., 2023;
uclease/phosphatas variant by the HIF-alpha pathway. Solanki et al., 2019)

e family domain
containing 1

(EEPD1)
ephrin receptor A7 Modifier, -1.64 Regulates lung vascular permeability. (Larson et al., 2008)
(EPHAT7) intergenic
region (33342bp
downstream)
calcium channel, Modifier, -1.68 Candidate gene in HEA of domesticated cattle and chickens. Plays  (Verma et al., 2018;
voltage-dependent, intergenic a role in the HIF-a pathway and appears to be important in Wang et al., 2015)
T type, alpha 1G  region organismal hypoxia response.
subunit (50235bp
(CACNAIG) upstream)
ecto-NOX Modifier, -1.76 Involved in response to oxidative stress. (Zhang, Ji, et al.,
disulfide-thiol intergenic 2021)
exchanger 1 region (76409
(ENOX1) bp upstream)
cadherin 8 Modifier, -1.26 Candidate cold adaptation locus in high elevation Peruvian (Ahbara et al., 2019;
(CDHS) intergenic Quecchua people. Established links to body mass, metabolism, and  Battista, 2022; Ferris
region cold response. Appears to play a role in fat deposition in sheep. etal., 2021)
(283229bp

downstream)
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staphylococcal Modifier, -1.93 Plays a role in hypoxia adaptation through negatively regulating (Saarikettu et al.,
nuclease and tudor intergenic hypoxia-related miRNAs and hypoxia-induced transcription, 2023)
domain containing region (3775bp consistent with a role as stress response regulator.
protein 1 (SND1) downstream)
LFMM
guanylate cyclase Modifier, Candidate gene in HEA of Andean people. Helps neurons respond  (Bleymehl et al., 2016;
1, soluble, beta 2 intergenic to hypoxia. Eichstaedt et al., 2015)
(GUCY1B2) region (16860bp

upstream)
Rho GTPase Modifier, Critical for vascular development and angiogenesis. (Caron et al., 2016)
activating protein  upstream gene
31 (ARHGAP31) variant
vacuolar protein ~ Modifier, Important role in hematopoesis. (Stepensky et al.,
sorting 45 intergenic 2013)
homolog (VPS45) region (4370bp

upstream)
thymopoietin Modifier, -1.40 Affects heart muscle development. (Gonzalez-Garrido et
(TMPO) intergenic al., 2022)

region

(105098bp

upstream)
PDZ domain Modifier, Candidate gene in HEA of domesticated sheep. Appears to play a (Horvath et al., 2022;
containing 8 intergenic role in fat deposition in sheep. Yuan et al., 2016)
(pdzdS) region (16860bp

upstream)
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Table S 3. Significantly enriched GO terms among the candidate genes for HEA identified by doAsso, RDA, and LFMM.

doAsso RDA LFMM
GO term Annotated  Significant | GO term Annotated  Significant | GO term Annotated  Significant
Molecular functions
Phosphate ion 1 1 Cadherin binding 61 2 Calmodulin-lysine 1 1
transmembrane N-
transporter methyltransferase
activity
6- 2 1 tRNA-specific 7 1 Guanylate cyclase 22 1
phosphogluconola adenosine activity
ctonase activity deaminase activity
Protein-hormone 10 1 Protein 11 1 Calcium ion 484 2
receptor activity serine/threonine binding
kinase inhibitor
DNA-directed 23 1 Protein-disulfide 15 1 Transmembrane 67 1
DNA polymerase reductase activity receptor protein
activity tyrosine
phosphatase
activity
Damaged DNA 28 1 Double-stranded 21 1
binding RNA binding
DNA-binding 46 1 Nucleosome 23 1
transcription binding
repressor activity
G protein-coupled 1396 4 ATP-dependent 26 1
receptor activity chromatin
remodeler activity
Protein 52 1 Voltage-gated 37 1
phosphatase calcium  channel
regulator activity activity
Sodium channel 44 1
activity
Protein 63 1
phosphatase
binding

Biological processes
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Phosphate ion 2 Ultradian thythm 1 cGMP-mediated 11
transmembrane signalling
transport
Pentose-phosphate 3 Adenosine to 6 Positive regulation 17
shunt inosine editing of protein
polymerization

Oligodendrocyte 6 Cytokinetic 12 cGMP biosynthetic 20
differentiation process process
Translesion 7 Positive regulation 22 Response to 22
synthesis of secretion by oxygen levels

cell
Positive regulation 17 Chemical synaptic 314 Positive regulation 22
of canonical Wnt transmission of kinase activity
signaling
Non-canonical 23 Adherens junction 35 Protein 87
Wnt signaling organization phosphorylation
pathway
Negative 43 Cytoskeleton- 38
regulation of dependent
transport cytokinesis
Negative 50 Nucleosome 42
regulation of Wnt organization
signaling pathway
Signal 3507 Plasma membrane 45
transduction organization

Action potential 46

Calcium ion 47

import

Calcium-ion 48

regulated

exocytosis

Membrane fission 55

Regulation of 68

exocytosis
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CHAPTER 3

Amphibians' expansion to record elevations influences Batrachochytrium
dendrobatidis (Batrachochytriaceae) infection dynamics

Emma Steigerwald, Cassandra Gendron, Juan C. Chaparro, Rosemary G. Gillespie, Allie Byrne,
Rasmus Nielsen, Bree Rosenblum

Abstract

The third chapter focuses on the transmission and infection dynamics of the globally-important
amphibian pathogen Batrachochytrium dendrobatidis (Bd). Though the impacts of climate-
change-driven range expansions on vector-borne pathogens have received much attention in
recent years, the impact of such expansions on direct-transmission pathogens represents a
significant gap in our understanding. We genotyped and quantified zoospore loads for Bd
swabbed from the skin of almost 700 P. marmoratum frogs, and we combined that data with
body size and condition data for those frogs and for hundreds of Andean toad (Rhinella
spinulosa) and Marbled water frogs (Te/matobius marmoratus) that have co-colonized the new
high elevation habitat. We learned that Bd is resilient to and can disperse extensively in the
Vilcanota, which presents the highest elevations used by amphibians anywhere in the world.
Finally, we found evidence that some site infection metrics and apparent sublethal impacts of
infection are affected by elevation, suggesting that hosts' elevational range shifts have had
implications for infection outcomes.
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3.1 Introduction

The rising incidence of emerging infectious diseases (EIDs) is a critical issue in both
conservation and public health (Fisher et al., 2012; Jones et al., 2008). Climate change may be
contributing to increased outbreaks by providing pathogens with opportunities to switch hosts,
expand geographically, or become more virulent (Harvell et al., 2002; Hoberg & Brooks, 2015;
Liang & Gong, 2017), while climate-driven range shifts are also expected to influence the
infection dynamics of several important pathogens. In Hawaii, the upslope range shifts of
mosquitos are predicted to drive the continuing decline of endemic birds currently escaping
avian malaria at high elevations (Zamora-Vilchis et al., 2012), and in Europe the northwards
expansion of ticks is predicted to increase the spatial extent of Lyme infections (Jaenson &
Lindgren, 2011). However, the data we currently have on the interaction of climate-driven range
shifts and EIDs tends to come from vector-borne systems, as many vectors are highly sensitive to
climate (Harvell et al., 2002). Though little documented, the infection dynamics of many
pathogens that rely on direct transmission will presumably be affected by the widespread
climate-driven range shifts of host species (e.g., Freeman et al., 2018; Moritz et al., 2008;
Parmesan et al., 1999). As hosts undergo range shifts, their exposure to novel environments may
alter host-pathogen dynamics—potentially exacerbating or mitigating infections, changing
transmission patterns, or exposing hosts to new pathogens.

The emergence of Batrachochytrium dendrobatidis (Bd), the pathogen causing chytridiomycosis
that has contributed to devastating global amphibian declines (Scheele et al., 2019; Skerratt et al.,
2007), has been linked to climate change through a few proposed mechanisms (Li et al., 2013).
Climate change could expand the spatial extent of optimal Bd growth conditions (Bosch et al.,
2007). Meanwhile, more frequent droughts compromise amphibian immunity and enhance Bd
transmission when amphibians aggregate in wet or humid microhabitats (Burrowes et al., 2004;
Lampo et al., 2006). Higher climatic variability may also favor rapidly-adapting pathogens over
hosts, resulting in worse infections (Raffel et al., 2013; Rohr & Raffel, 2010). Finally, as
parasites generally have broader thermal tolerances than hosts, frogs are likely to be exposed to
suboptimal temperatures before Bd, placing them at a disadvantage (Cohen et al., 2019, 2017).
The mounting evidence of climate-driven amphibian range shifts (e.g., Bustamante et al., 2005;
Enriquez-Urzelai et al., 2019; Raxworthy et al., 2008) suggests this as an additional mechanism
that could connecting climate change and amphibian-Bd dynamics.

The Cordillera Vilcanota, in southern Peru, presents an ideal system for exploring how climate-
driven range shifts impact EIDs. Field surveys of this heavily glaciated tropical mountain chain
in the early 2000s documented the first known Bd infections in southern Peru (Seimon et al.,
2005), but also revealed that three frog species had expanded their elevational ranges by
hundreds of vertical meters into passes that had deglaciated since the end of the Little Ice Age
(~150 years ago). The Marbled four-eyed frog (Pleurodema marmoratum) had expanded upslope
to 5,400 m asl, making it the highest elevation amphibian in the world; the Andean toad
(Rhinella spinulosa) and Marbled water frog (Telmatobius marmoratus) had expanded to 5,244
m asl (Seimon et al., 2007). Chytridiomycosis was recorded at the upper limits of these species
distributions, and a die-off event was observed in 7. marmoratus at 5,244 m asl (T. A. Seimon et
al., 2007). Today, all three species persist at lower abundances in the Vilcanota. Host-pathogen
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dynamics have transitioned into a more stable, enzootic state (Seimon et al., 2017), as can also be
said of neighboring amphibian communities downslope (Catenazzi et al., 2017).

Moving upslope in the Vilcanota, Bd and frogs are challenged by progressively more intense
UV, deep frozen precipitation, and a partial oxygen pressure 50-60 % of that at sea level
(Poremba et al., 2015; Seimon et al., 2017; Wang, Hiderma, et al., 2014). At the apex of the
mountain passes, soil temperature can fluctuate between —12° C at night and 25° C during the
day, with a soil freezing rate exceeding that measured from any site on Earth (1.8° C/hr; Schmidt
et al., 2009). Resident frogs are exposed to an even broader operative temperature range (—3.5 to
44° C; Reider, 2018). Here, we asked how range expansion into these new, challenging
elevations may have influenced Bd infection dynamics. We used genetic data to inform our
understanding of the local history of Bd, then examined site infection metrics and apparent
sublethal infection impacts to understand how conditions at newly-colonized elevations might
sway infection outcomes. We anticipate that Bd in the Vilcanota is from the global panzootic
lineage (BdGPL), the lineage largely responsible for Bd epizootics in South America (James et
al., 2015), though these highest elevations inhabited by Bd presumably impose strong selective
pressures that could conceivably result in a limited number of locally-adapted strains
proliferating. If Bd remains dispersive despite extreme high-elevation conditions, and
particularly if it was introduced to the Vilcanota just before local die-offs in the 2000s, Bd will
be spatially unstructured, a common finding elsewhere Bd population genetics have been studied
(e.g., Alvarado-Rybak et al., 2021; Basanta et al., 2021; Byrne et al., 2019). However, if the
environmental persistence of Bd is depressed by harsh, high elevation conditions, the genetic
structure of Bd is more likely to reflect its gradual spread between watersheds by way of host
dispersal along the corridors provided by deglaciated passes (Haddad et al., 2014). The present
study is the first to examine Bd infection dynamics above 4000 m asl (3,900—5,400 m asl);
though Bd infection prevalence and intensity tend to initially increase with elevation, studies
sampling to 4000 m asl suggest that these metrics may begin to decline again with increasing
elevations (Catenazzi et al., 2011; Muths et al., 2008). For this reason, we expect Bd infection to
have lower sublethal impacts for amphibians at newly-colonized, extreme high elevation sites.
Alternatively, if the stress of high elevations and Bd infection impact amphibians synergistically,
the sublethal impacts of Bd may increase with elevation. These analyses provide the first insights
into how the climate-driven range shifts of hosts may influence EID events.

3.2 Methods
3.2.1 Fieldwork

The Cordillera Vilcanota (13° 44' 24"°S, 71° 5' 24"°W) is an 80 km-long mountain chain in the
southern Peruvian Andes, crossing the departments of Cusco and Puno. We sampled P.
marmoratum, R. spinulosa, and T. marmoratus during the transition between the wet and dry
seasons (March—May) in 2018 and 2019. T. marmoratus breed year-round, while P.
marmoratum and R. spinulosa are in their final breeding months at this time. We sampled at 76
sites across three watersheds: the Alto Urubamba on the interandean versant and the Inambari
and Yavero on the Amazonian versant. Sites ranged from 3,967—35,333 m asl, including
transects across two deglaciated passes (Fig. S 1). We spent approximately equal person-hours at
each site, capturing tadpoles by scoop net and searching for post-metamorphic stages under rocks
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and along the edges of water bodies. We attempted to capture 15 adults per species per site. If we
could not locate 15 adults, we supplemented first with juveniles and then with tadpoles. We
sampled 695 P. marmoratum (317 adults), 173 Rhinella spinulosa (82 adults), and 232 T.
marmoratus (23 adults).

Post-metamorphic individuals were dry swabbed 7X along the ventral surface of each limb and
the vascular patch to assess Bd infection; tadpole mouthparts were swabbed 25X (MW113,
Medical Wire & Equipment Co., Ltd., Corsham, UK; Hyatt et al., 2007). Swabs were air dried
and stored dry or in 80 % ethanol. We collected 30 paired dry- and ethanol-stored swabs to
compare their efficacy in preserving Bd DNA. We noted snout-vent length (SVL), mass, sex, and
signs of disease in adults (lethargy, excessive sloughing, reddened skin). Individuals with nuptial
pads were considered adult males. Adult male SVL were used to derive a lower-end size
threshold for classifying adults, since males of these species are smaller than females: 19 mm for
P. marmoratum; 30 mm for R. spinulosa; and 29 mm for 7. marmoratus. Post-metamorphic
individuals without nuptial pads that exceeded this threshold were classed as females. We also
recorded SVL, mass, and signs of disease in juveniles; as well as SVL, mass, and Gosner
developmental stage (Gosner, 1960) in tadpoles. Samples were transported to the University of
California, Berkeley for -80°C storage.

DS1921G Thermocron Temperature Loggers (OnSolution Pty Ltd, Sydney, Australia; hereafter,
'iButtons') were placed at a subset of 20 sampling sites during the 2018 sampling season, with
paired iButtons deployed to measure temperature every four hours in aquatic and terrestrial
microhabitats. Aquatic iButtons were protected with rubber spray sealant, glued to the inside of a
3 cm-diameter PVC tube of 12 cm length, and placed in ephemeral ponds containing P.
marmoratum tadpoles. Terrestrial iButtons were glued to the inside of a 10 cm funnel, which was
placed upside down and covered with rocks in location where adult P. marmoratum occurred.
Data was downloaded from recovered iButtons during the 2019 sampling season.

3.2.2 Bd infection quantification

We focused on gaining a comprehensive understanding of Bd dynamics in our most widely-
sampled frog, P. marmoratum. We dried ethanol-stored swabs by vacuum-centrifuge and
extracted DNA from swabs with 50 uLL of PrepMan Ultra reagent (Thermo Fisher Inc.). We
quantified Bd zoospore load using real-time TagMan PCR assay (Boyle et al., 2004; Hyatt et al.,
2007). We combined 12.5 puL 2x TagMan Master Mix (Applied Biosystems), ITS-1 Chytr3 and
5.8s Chytr PCR primers at a concentration of 900 nM, a Chytr MGB2 probe containing a FAM
fluorescence reporter at 250 nM, and 5 pL of 1:10-diluted sample DNA. We ran triplicate
reactions for each sample, with each 96-well plate including standard dilutions representing 100,
10, 1, 0.1, and 0 zoospore equivalents. Amplification was performed on an Applied Biosystems
StepOnePlus Real-Time PCR System as follows: 2 min at 50° C, 10 min at 95° C, followed by
50 cycles of 95° C for 15 s and 60° C for 1 min. We determined Bd zoospore equivalents (ZE) in
each swab by comparing sample C; values relative to a standard curve, averaging across
triplicates, and multiplying by 100.

3.2.3 Bd genotyping
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We selected 96 Bd+ extracts from adult P. marmoratum for sequencing to maximize the
geographic representation of sampling. Within localities, we selected swabs with the highest ZE,
since samples with more Bd DNA are sequenced more successfully (Byrne et al., 2017). Bd
extracts were sequenced across the 16 nuclear chromosomes and mitogenome at 240 regions
(150-200 bp-long) in an assay designed to maximally discriminate between major Bd clades,
maximize resolution within BdGPL (Global Panzootic Lineage), and allow for comparison with
previous genetic studies of Bd (Byrne et al., 2017). Extracts were cleaned with isopropanol
precipitation, pre-amplified to enrich template DNA, cleaned of excess primers and dNTPs with
Exo-SAP-IT, and diluted 1:5. We attached dual barcodes and Illumina sequencing adaptors to
samples using the Fluidigm Access Array, then sequenced libraries with Illumina 2x300 bp reads
using a quarter MiSeq lane at the University of Idaho IBEST Core.

We used the reduce_amplicons.R script (https://github.com/msettles/dbcAmplicons) to process
sequence data following Byrne et al. (2017). We demultiplexed reads, trimmed primer
sequences, and merged paired Illumina reads with FLASH2 (Mago¢ & Salzberg, 2011). We
aligned merged reads to reference amplicon sequences using the BWA-MEM algorithm (L1,
2013; v0.7.17-r1188). We filtered amplicons with an average read depth <5 from the resulting
BAM files for use in structure analyses. We also created an ambiguity sequence for each sample,
retaining only the most frequent length variant per amplicon, and removing variants present in <
5 reads and in < 5 % of the total reads. We exported sequences with possible polymorphisms
represented as [UPAC ambiguity codes to a FASTA for use in phylogenetic analyses.

3.2.4 Phylogenetic, structure, and redundancy analyses

Importing ambiguity sequences for Vilcanota samples and previously published sequence data
representative of global Bd diversity (Byrne et al., 2019) into R, we removed one sample for
each of six amplicons that resulted in > 5 bp length differences, samples with > 80 % missing
amplicons, and amplicons with > 33.3 % missing samples. We aligned filtered ambiguity
sequences in MUSCLE (v3.32; Edgar, 2004). In Geneious (v2021.1.1), we checked for
alignment issues and estimated a ML gene tree for each amplicon using RAXML (v4.0) with the
GTR substitution model and the rapid bootstrapping method for 100 bootstraps. We collapsed
gene trees in Newick Utils (v. 1.6) by branches with <10 bootstrap support to improve tree
accuracy, then estimated an unrooted species tree in ASTRAL (v5.7.4) and visualized in
GGTREE (v3.0.2).

To examine standing genetic variation of Vilcanota Bd, we used BAM files to create a Site
Frequency Spectrum (SFS) in ANGSD (v0.933-106-gb0d8011). BAMs were then processed
separately for the subset of Vilcanota samples retained in phylogenetic analyses and the larger
dataset including globally representative BAGPL samples (Byrne et al., 2019). We indexed
BAMs in SAMtools (v1.11) and detected variants with a minimum coverage of 10X in
FreeBayes (v1.3.2-46-g2c1e395). We conducted a principal component analysis with a NIPALS
PCA based on an ANGSD covariance matrix (Korneliussen et al., 2014), a method only
evaluating pairwise sets of individuals at loci for which they are both sequenced. We tested for
population structure at the scale of sampling sites and watersheds, using a pegas-based, clone-
corrected AMOVA in Poppr (Kamvar et al., 2014). We also assessed the proportion of genetic
variance that could be explained by elevation in R by imputing missing genotypes with the
random-forest method MissForest (v1.4), conducting a redundancy analysis in Vegan (v2.5-7),
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and calculating the adjusted r2 value and predictor p-values of the resulting model with ANOVA
in Stats (v4.1.1).

3.2.5 Analysis of Pleurodema marmoratum disease dynamics across elevations

Analyses of site-level effects and sublethal impacts of Bd on individuals were performed in R
(v4.0.2). In subsequent regression analyses, all combinations of variables and their interactions
were built. This model set always included the saturated model or the model retaining only the
random effect for mixed effect models, as well as partial covariates being controlled for when
relevant. Variables were log, square root, or Tukey power-transformed as needed to meet model
assumptions; the model was selected that minimized the AIC; and coefficient estimates, null and
residual deviances, 7° values, and p-values were examined to interpret model importance.

3.2.6 Site-level dynamics

To ascertain whether frog population density might change substantially across elevations,
influencing site-level infection dynamics, we used GLMs in MASS (v7.3-54) to examine the
relationship between the elevation and counts of adults captured per species per site. We used
counts of adult frogs captured because equivalent search effort was used to attempt to capture up
to 15 adults per species per site. We used Poisson regression (link = log) to model the response
of adult counts to elevation for 7. marmoratus, whereas due to data overdispersion we needed to
use negative binomial GLMs in MASS (v7.3-54) for adult P. marmoratum and R. spinulosa. So
that sampling at sites with unsuitable habitat for a given species did not conflate our analysis, a
site was only included in the model for a species if individuals of that species of any life stage
were captured there. Adult counts per site did not correlate with elevation for P. marmoratum
(nsires = 63; Fig. S 2 a) or T. marmoratus (nsies = 17; Fig. S 2 b), so though adult counts of R.
spinulosa declined gently with elevation (nsies = 25, p < 0.001, Fig. S 2 ¢, Table S 3), we did not
include a proxy of frog density in subsequent models of site-level infection metrics. It is unlikely
that sampling bias, relating to the timing at which different elevations were sampled, invalidate
our analyses because an explicit effort was made during fieldwork to sample different elevations
across the sampling period both within and between years (Fig. S 3).

To investigate whether elevation was a good predictor of site infection metrics, we tested the
fit of linear and quadratic regression models at Bd+ sites. The site infection metrics we
selected to study represent three important characteristics of the distribution of infection
intensities at a site: site prevalence, or the proportion of frogs that were actually infected at any
given site; mean infection intensity, or the average infection intensity when considering only Bd
infected frogs at a site; and site maximal infection intensity, representing how highest pathogen
load spiked at each site. As has been recorded by other studies of landscapes where frog
populations have transitioned to a Bd enzootic state, most individuals sampled were Bd-. Among
infected individuals, the majority had very low infection intensity (tens of zoospore equivalents),
with only a very few individuals showing infection intensities spiking wildly into the thousands
or tens of thousands of zoospores. We did not record signs of disease like excessive sloughing
with sufficient frequency to report relationships between these symptoms and elevation.

To work with swab Bd quantitation data, we first compared zoospore equivalents derived from
paired dry- and ethanol-stored swabs with a Wilcoxon signed-rank test and did not find a
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significant difference in the efficacy of these storage methods for preserving genomic DNA (n =
60, p = 0.10). Individual infection intensity was calculated as the mean swab zoospore
equivalents across triplicate qPCR reactions. P. marmoratum were considered Bd+ when they
had a mean infection intensity of > 1 and showed Bd DNA amplification for > 2/3 triplicate
qPCR amplifications. For the subset of sites where > 10 post-metamorphic frogs were swabbed,
site infection prevalence was calculated as the proportion of adult P. marmoratum that were Bd+
at that site for Bd+ sites, and the site mean and maximal infection intensity of Bd+ frogs were
also calculated. To explore whether elevation was a good predictor of site mean infection
intensity, site maximal infection intensity, or site prevalence, we tested the fit of both linear and
quadratic regression models.

3.2.7 Sublethal effects of Bd on individuals

Amphibian body size (SVL) can be used to evaluate the nutritional status of an amphibian across
its development (Hector et al., 2012; Martins et al., 2013; Metcalfe & Monaghan, 2001).
Meanwhile, Scaled Mass Index (SMI), a metric of body condition, can be used to evaluate the
nutritional status of an amphibian in the recent past (Brodeur et al., 2020), and has been shown to
be a good measure of energy stores in tadpoles and juveniles as well as adult amphibians
(Maccracken & Stebbings, 2012). Individuals dedicating energy to mounting an immune
response or whose foraging ability has been compromised by disease may, therefore, exhibit a
lower SVL or SMI (Warne et al., 2011). We calculated SMI from body mass and SVL
(following Peig & Green, 2009). The scaling exponent (bp. marmoratum = 2.57, b1, marmorams = 3.12,
bR. spinulosa = 3.04) was calculated using a non-linear power regression to ensure that SM1I was
independent of SVL (Brodeur et al., 2020).

We explored whether SMI or SVL were predicted by putative site infection status (Bd+/-) and
elevation using GLMMs in Ime4. We built models for the species-life stage combinations for
which we had sufficient data at sites assessed for Bd infection status: P. marmoratum adults,
P. marmoratum tadpoles, and 7. marmoratus tadpoles. We included site as a random effect
in all models, and Gosner developmental stage as a partial correlate predicting tadpole SVL.
Though we collected data on sex for adult individuals, we excluded this variable from our
analyses as it was not a significant contributor to our models. Sites were considered putatively
Bd+ if > 1 individual(s) were Bd+. Sites were considered putatively Bd- if > 10 post-
metamorphic P. marmoratum had their infection intensity quantified with qPCR with no
individuals being classified as Bd+. It should be noted that sixty individuals per population need
to be tested in order to be 95 % certain than a single positive frog in that population has been
detected (Lee F. Skerratt et al., 2008). Here, we will use the terms putatively Bd- or Bd+, but
what our approach definitively represents is powerful differences in Bd prevalence across
populations. For instance, 10 negative samples means that prevalence in a population must be
<10 %. Published literature does not yield expectations for how body size or condition relates
to elevation in these species, so we examined samples at Bd- sites to establish baseline
trends.

To explore how thermal regimes along the elevational gradient might relate to observed
trends in infection metrics and apparent sublethal impacts, we plotted March-April
temperature data from recovered iButtons relative to the temperature-dependent logistic
growth rate (r) of a tropical Bd strain (Voyles et al., 2017), the CTmax of adult P.
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marmoratum, and the mean temperature tolerated by P. marmoratum adults that recovered
following freezing (Reider et al., 2020).

3.3 Results

3.3.1 Phylogenetic placement, spatial genetic structure, and local adaptation

Vilcanota Bd samples from P. marmoratum (n = 44) nest within the BdGPL-2 clade of the
BdGPL lineage but do not cluster together relative to a panel of globally-derived BdGPL
genotypes in a consensus gene tree or PCA (Fig. 1, Fig. 2 a). Vilcanota Bd is geographically
unstructured, with samples failing to cluster in a PCA (Fig. 2 b) despite containing many low-
frequency variants after stringent filtering (73.4 % variants have an allele frequency of ~1 %).
Watersheds or sites were not differentiated according to an AMOVA (p > 0.05, Table S 1).
Elevation was a significant predictor of genetic variance according to redundancy analysis but
only explained 1.2 % of genetic variance (p < 0.05, Table S 2).
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Figure 1. A midpoint-rooted consensus gene tree of Vilcanota Bd sampled from Pleurodema
marmoratum (yellow tips) alongside previously-published samples representative of the five major Bd
lineages (CAPE, ASIA3, ASIA2/BRAZIL, ASIA1/CH, GPL) and their hybrids (Byrme et al., 2019). This
tree has a normalized quartet score of 0.807 and includes only nodes with a posterior probability > 0.7.
Assignment of BdGPL samples to BdGPL-1 or BdGPL-2 is included whenever assigned by previous
studies (James et al., 2015; Rothstein et al., 2021; Schloegel et al., 2012) and is shown in the concentric
mosaic. This tree is included with sample names and the continent of swab origin in the supplements (Fig.

S 2).
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Figure 2. Principal component analyses (PCAs) of (a) global BdGPL samples, demonstrating how Bd
sampled from Pleurodema marmoratum in the Vilcanota is nested within the BdGPL-2, and (b) Vilcanota

samples, colored by watershed, showing their lack of spatial genetic structure.

3.3.2 Site infection metrics across elevations

We detected R. spinulosa up to 4,895 m asl. We recorded adult Pleurodema marmoratum and
Telmatobius marmoratus at the highest part of the mountain passes, at a maximal elevation of
5,333 and 5,226 m asl respectively. We were able to sample P. marmoratus (but not the other
species) at regular intervals across the entirety of both deglaciated mountain passes, suggesting
that this species now has connectivity between populations north and south of the Vilcanota.

Bd prevalence in P. marmoratum was 30.0 % among juveniles (n = 120) and 24.0 % among
adults (n = 317), but not detected in tadpoles (n = 256). The best model by AIC relating elevation
to prevalence was a quadratic model, where prevalence peaked at approx. 4700 m asl (Fig. S 5 a,
Table S 4). The predictors in this model were significant and explained 20 % of variance in
prevalence (nsies = 18, p < 0.05, Table S 4). Visual inspection of site infection intensity metrics
against elevation suggested that these metrics declined with increasing elevation (Fig. S 5 b-c),
but the data supported neither a linear nor a quadratic relationship (7sires = 18).

3.3.3 Sublethal impacts across elevations

In Telmatobius marmoratus tadpoles, a full interactive model including elevation and putative
site infection status explained 11 % of variance in body condition and minimized AIC (n = 77,
nsies = 6, Table S 5), though this model may be overfit. All predictors were significant (p < 0.05)
except the slope of SMI against elevation at Bd+ sites. This model suggested that tadpoles had
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higher body conditions at lower elevations for Bd- sites but not Bd+ sites (Fig. 3 a). Similarly, T.
marmoratus tadpole body size (SVL) was best predicted by a full interactive model that included
elevation, putative site status, and developmental stage. All predictors were significant, with
fixed effects explaining 68 % of the variance (n = 77, nsires = 6, p < 0.001, Table S 6). Consistent
with our findings regarding SMI, this model suggested that tadpoles are longer relative to
developmental stage at lower elevations but only at Bd- sites (Fig. 3 b). The relationships
between 7. marmoratus tadpole SMI or SVL and elevation cannot be attributed to differences in
phenology across elevation (Fig. S 7 d).
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Figure 3. The relationship between elevation, site Bd infection status, and energetic status for 7.
marmoratus tadpoles. (a) Results of linear mixed model of 7. marmoratus tadpole body condition (SMI)
along the elevational gradient, displayed in separate panels for Bd-positive and Bd-negative sites as site
infection status was a significant contributor to these models. (b) Results of linear mixed model of T.
marmoratus tadpole residuals of body size (SVL) against Gosner stage, displayed in separate panels for
Bd-positive and Bd-negative sites as site infection status was a significant contributor to these models.
These trends do not appear to be attributable to differences in phenology across elevations (Fig S 7 D).

The model with lowest AIC predicting Pleurodema marmoratum tadpole SMI from elevation
and putative site status included elevation only. According to this model, body condition
declined with increasing elevation, but the model predictors were not significant, and the fixed
effects explained only 4 % of variance in SMI (n = 128, ngies = 15, p >0.05, Table S 5). Visual
inspection of these data revealed that SMI appeared reduced for lower elevation tadpoles at Bd+
sites, similar to trends detected for 7. marmoratus tadpoles (compare Fig. 3 a and Fig. S 6 a).
Indeed, a model including site status and its interaction with elevation was within a AAIC of only
0.02 of the elevation-only model, explained 7 % of variance in SMI, and included a significant
slope and intercept at Bd- sites (Table S 5). Meanwhile, P. marmoratum tadpole SVL was best
predicted by elevation alone. Tadpoles were longer relative to developmental stage at higher
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elevations regardless of putative site infection status (Fig. S 7 a). The model explained 18 % of
variance in SVL, but not all predictors were significant (n = 128, nses= 15, p > 0.05, Table S 6).
Differences in P. marmoratum phenology across elevations could potentially contribute to
relationships between elevation and body condition (Fig. S 7 ¢), but this phenomenon would
presumably impact Bd+ and Bd- sites alike.

In P. marmoratum adults, the best model of SMI by AIC was an additive model that included
elevation and putative site infection status, though these predictors were not significant and
explained only 3 % of variance in SMI (n = 339, nsites = 53, p > 0.05, Table S 5). Based on this
model, adults had lower body conditions at high than at low elevations, and at Bd+ than at Bd-
sites. Visual inspection of these data reflects the trends that emerged for 7. marmoratus tadpoles
(compare Fig. 3 a and Fig. S 6 b): SMI was depressed for lower elevation tadpoles at Bd+ sites.
However, the full interactive model was not well supported by AIC-based model comparison
(Table S 5).

In adult P. marmoratum, SVL was best predicted from a full interactive model of elevation and
putative site infection status. Fixed effects in this model explained 9 % of variance in SVL, but
though all the predictors were significant the intercept was not (n = 339, nses = 53, p > 0.05,
Table S 6). According to this model, SVL in adult P. marmoratum increases with elevation,
regardless of site infection status. However, while SVL increases rapidly at Bd- sites (6.5 mm per
1,000 m of elevation), SVL increases only gradually at Bd+ sites (1.4 mm per 1,000 m; Fig. S 7
b).

Temperature data along the elevational gradient demonstrated that higher elevations were
characterized by lower average daily temperatures and larger fluctuations in daily temperature
(Fig. 4 a). Ephemeral pond habitats experienced less thermal variability than adjacent terrestrial
habitats (Fig. 4 a). It follows that, at higher elevations, Bd is characterized by a lower average
growth rate, but frogs also experience greater exposure to their physiological tolerance limits
(Fig. 4 b).
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Figure 4. Thermal regimes along the elevational gradient and across microhabitats. (a) Violin plots of
raw temperature data. Mean daily temperatures measured by a given iButton are displayed as black
points. The red and blue lines represent linear regression of maximal and minimal daily temperatures,
respectively. The greyscale gradient represents the logistic growth rate (r) of a tropical Bd strain
quantified across temperatures (from Voyles et al., 2017). The upper black dotted line represents the
CTmax of adult P. marmoratum (32.56° C), and the lower dotted line represents the mean temperature
tolerated by P. marmoratum adults that recovered following freezing (Reider et al., 2020). (b) Red points
represent the average growth rate of Bd according to the temperatures recorded by a given iButton, and
the red line represents a linear regression of this data. Blue triangles represent the proportion of time a
given iButton was exposed to temperatures outside the physiological tolerance of P. marmoratum adults.

3.4 Discussion

Although how infection dynamics are influenced by pathogen or vector range shifts has been the
subject of frequent study over the past decade (e.g. Dudney et al., 2021; Jaenson & Lindgren,
2011; Romanello et al., 2021; Zamora-Vilchis et al., 2012), we still know little about how they
are influenced by the climate-driven range shifts of hosts. Here, we demonstrate that climate-
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driven range shifts may impact the infection dynamics of direct-transmission pathogen systems,
as well as vector-borne ones. We used genetic analyses and modeled the relationship among
elevation, site infection metrics, and measures of individual energetic status to understand how
the range expansion of three species may have impacted the course of their infection with a
shared pathogen. We learned that one of the species studied is using mountain passes cleared by
contemporary deglaciation as a new dispersal corridor, and that Bd is resilient to, and can
disperse extensively at, the highest elevations used by amphibians. Finally, we found evidence
that some site infection metrics and apparent sublethal impacts of infection are affected by
elevation, suggesting that hosts' elevational range shifts have had implications for infection
outcomes.

3.4.1 Genetic evidence suggests the recent introduction and extensive dispersal of BdGPL-2

Whether global Bd epizootics were provoked by a novel or endemic pathogen remains an open
question (Rosenblum et al., 2013). Bd was often present in areas long before recorded outbreaks
(e.g., Basanta et al., 2021; De Leodn et al., 2019). Indeed, the earliest known Bd was swabbed
from a Titicaca water frog (Telmatobius culeus) collected 300 km southeast of the Cordillera
Vilcanota in 1863 (P. Burrowes & De la Riva, 2017). Detections of Bd that predate epizootic
events are often hypothesized to represent local Bd strains, with regional Bd-associated declines
instead being attributed to the introduction of a novel strain in the 1990s (Becker et al., 2016;
Burrowes & De la Riva, 2017)—usually the global panzootic lineage (BdGPL), the lineage most
frequently associated with disease outbreaks, whose lack of genetic structure even at global
scales suggests its recent expansion (James et al., 2015; O’Hanlon et al., 2018; Rosenblum et al.,
2013; Schloegel et al., 2012).

Bd samples sequenced in this study belong to BdGPL, consistent with previous studies
genotyping South American Bd west of the Brazilian Atlantic Forest (Alvarado-Rybak et al.,
2021; Byrne et al., 2019; O’Hanlon et al., 2018; Russell et al., 2019). Further, Vilcanota Bd was
all BdGPL-2, the more derived and globalized of two BdGPL sub-clades (James et al., 2015).
However, it is worth noting that BdGPL can outcompete other strains during coinfections, so
may have displaced potentially pre-existing endemic strains in the Vilcanota (Farrer et al., 2011;
Jenkinson et al., 2018). Additionally, selecting the highest intensity swabs to sequence at each
site could introduce bias against less-virulent strains (Byrne et al., 2017; Farrer et al., 2011).

We found Vilcanota BdGPL-2 to be spatially unstructured using our genetic markers, consistent
with most previous genetic studies of BdGPL, which have found it to be spatially unstructured
from local to continental scales (Alvarado-Rybak et al., 2021; Basanta et al., 2021; Byrne et al.,
2019; Rothstein et al., 2021; Velo-Antén et al., 2012). This lack of structure has often been
interpreted as evidence for its recent introduction to the sampled area, though might simply
indicate high rates of dispersal. One exception to the general lack of spatial structuring in Bd has
been the Sierra Nevada of California, suggesting the western U.S.A. as a potential origin for
BdGPL (Rothstein et al., 2021). Sierran Bd demonstrates that BdGPL can develop spatial
structure, even despite cool, high-elevation conditions that may constrain rates of evolutionary
change.

Though unstructured, Vilcanota Bd has substantial low-frequency variation, representative of the
global variation in BdGPL-2. Our data cannot exclude the possibility that BdGPL circulated in
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the Vilcanota prior to local epizootics of the early 2000s, but in the context of prior regional
studies (Burrowes et al., 2020; Catenazzi et al., 2011; Lips et al., 2008) it is more likely that
BdGPL-2 housed substantial standing genetic variation upon its introduction or was introduced
multiple times. Our analyses place Vilcanota Bd in a large, global polytomy in BdGPL-2, so we
cannot determine whether BdGPL spread from Ecuador via the Andes (Lips et al., 2008) or from
Brazil via Bolivia (Burrowes et al., 2020; Catenazzi et al., 2011). However, the timing of
BdGPL-2's arrival likely coincides with the amphibian die-offs in the Vilcanota in the early
2000s (Seimon et al., 2007; Seimon et al., 2005), as this corresponds to declines in adjacent
lowland and cloud forest regions (Catenazzi et al., 2011).

Regardless of the provenance and timing of introduction, our data demonstrates that BdGPL-2
has undergone extensive local dispersal. Its movement across the Cordillera Vilcanota would not
have been limited to transmission by frogs along the terrestrial corridors provided by deglaciated
passes. Processes facilitating its dispersal might include the trade of 7. marmoratus for urban
consumption (Catenazzi et al., 2010), the aquaculture of nonnative fish (Martin-Torrijos et al.,
2016; Ortega & Hidalgo, 2008), the movements of Andean waterbirds (Burrowes & De la Riva,
2017), or even precipitation (Kolby et al., 2015).

3.4.2 Amphibians cannot escape Bd by range shifting upslope

Early studies generally found that Bd infection prevalence or intensity increased with elevation
(Brem & Lips, 2008) and epizootics impacted highland sites more severely (Berger et al., 2004).
These relationships are consistent with the preference of Bd for cool temperatures (Piotrowski et
al., 2004; Woodhams et al., 2008) and the impaired function of amphibian immune systems and
skin microbiomes at colder, more thermally variable high elevations (Daskin et al., 2014;
Jackson & Tinsley, 2002). Early field studies did not sample above 2,500 m asl, but empirical
work demonstrating that suboptimal temperatures retard Bd growth led to a hypothesis that Bd
pathogenicity was restricted to below 4,000 m asl (Piotrowski et al., 2004; Pounds et al., 2006;
Ron, 2005; Woodhams et al., 2008). Subsequent studies of Bd dynamics up to 4,000 m asl
reported declining infection prevalence or intensity with increasing elevation (Catenazzi et al.,
2011; Muths et al., 2008), perhaps due as much to increasing aridity as to decreasing
temperatures (De la Riva & Burrowes, 2011).

The idea that Bd pathogenicity had an upslope bound was later undermined by severe infections
documented above 4,000 m asl in the Vilcanota and other sites (Knapp et al., 2011; Seimon et
al., 2007). Here, we find limited evidence that elevational extremes constrain Bd growth. Bd
infection metrics appear to decline at the upper reaches of the elevational gradient colonized by
Vilcanota frogs (3,967—35,333 m asl)—both for the significant and well-fit quadratic model of
prevalence and for the inherently noisy infection intensity data. Such declines would be
consistent with our expectations following from our iButton temperature data, considered in light
of a study profiling the thermal dependence of Bd growth (Voyles et al., 2017): Bd likely grows
more slowly at higher elevations in the Vilcanota (Fig. 4).

3.4.3 Upslope range shifts may mediate infection outcomes through exposure to thermal
variability
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We investigated whether extreme elevations compounded or ameliorated the apparent sublethal
impacts of Bd by comparing frog body size and condition at putatively Bd+ and Bd- sites. Body
size and condition signal important information about nutritional history in amphibian larvae,
juveniles, and adults; and can predict important fitness components such as fecundity, the ability
to respond effectively to environmental stress, and lifespan (Brodeur et al., 2020; Hector et al.,
2012; Maccracken & Stebbings, 2012; Martins et al., 2013; Metcalfe & Monaghan, 2001). To
call sites as Bd- we required infection intensities for at least 10 postmetamorphic frogs at that
site, with individual frog infection statuses being called from triplicate qPCR reactions;
therefore, though we lacked longitudinal sampling that would more definitely classify site
infection status, we believe our protocol minimizes the risk of both false negatives and false
positives.

At Bd- sites, Telmatobius marmoratus tadpole condition and size declined with increasing
elevations, which our examination of adult counts across elevations suggests we cannot attribute
to increased competition. 7. marmoratus tadpoles have a protracted larval development relative
to P. marmoratum and R. spinulosa. During the estimated 5—19 months until metamorphosis
(Lobos et al., 2018), they rely upon the resources of their natal stream (Catenazzi et al., 2013a;
Rubio, 2019). Therefore, declines in stream primary productivity with increasing elevation
(Jacobsen, 2008) might explain this trend in tadpoles. An alternative explanation could be that T.
marmoratus tadpoles metamorphose more quickly at higher elevations, attaining a smaller size in
the process (Licht, 1975).

For larval 7. marmoratus, circulating Bd was associated with lower body condition and size
relative to developmental stage, but only at low elevations. This interaction is consistent with
expectations from our temperature data. Aquatic microhabitats at extreme elevations are
frequently at no- or low-growth temperatures for Bd, resulting in a depressed average growth
rate, but at low elevation remain steadily at temperatures conducive to Bd growth (Fig. 4, Fig. S
8). Studies of other amphibian species have shown that Bd infection can result in smaller, lighter
tadpoles (Catenazzi et al., 2013b; Parris & Cornelius, 2004). Infected tadpoles may sacrifice
body size and condition by diverting energy towards immune response or by accelerating
metamorphosis (Warne et al., 2011). We expect that, for slow-developing 7. marmoratus, the
impact of Bd on tadpole mouthparts is particularly important: Bd infects keratinized tissues,
which in tadpoles limits Bd growth to their mouthparts and causes oral deformities over time
(Berger et al., 1998; Vredenburg & Summers, 2001), as has been demonstrated for congenerics
(Rubio, 2019). Damaged mouthparts can reduce tadpole feeding efficiency and retard their
growth (Rachowicz & Vredenburg, 2004; Rowe et al., 1996; Rubio, 2019).

Shared mechanisms may contribute to a similar trend in larval P. marmoratum body condition.
Their body condition declines with increasing elevations at Bd- sites, but Bd infections appear to
take a larger energetic toll on P. marmoratum tadpoles at lower elevations. Unlike larval T.
marmoratus, larval P. marmoratum increase in body size relative to developmental stage with
elevation regardless of putative site infection status. This trend may reflect a reproductive
strategy that is advantageous in harsh environments and has been documented in several frog
species (e.g., Liao et al., 2014; Liiddecke, 2002; Résénen et al., 2005), that females produce
fewer offspring of higher quality in harsher environments, or given the decline in abundance of
R. spinulosa with increasing elevations could possibly result from decreasing competition since
these species can share larval habitat.
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Adult P. marmoratum body size also increases with elevation, perhaps owing to reduced
competition with R. spinulosa or selection for larger size at metamorphosis and/or larger females
capable of greater maternal investment (Chen et al., 2013; Liao et al., 2014; Womack & Bell,
2020). However, adult P. marmoratum body size increases dramatically with elevation at Bd-
sites, while only gradually at Bd+ sites (6.5 mm vs. 1.4 mm per 1,000 m of elevation), suggesting
that Bd may have a larger sublethal toll at higher elevations. While terrestrial frogs experience
lower average Bd growth rates at extreme elevations, they are also not as thermally buffered
from harsh temperature extremes as frogs inhabiting aquatic microhabitats. Indeed, we found that
adult P. marmoratum are more exposed to their thermal tolerance limits at extreme high
elevations (Fig. 4, Fig. S 8), placing them at a fitness disadvantage relative to the Bd pathogen
(Cohen et al., 2019, 2017). Their failure to respond phenotypically to high-elevation conditions
could compromise their fecundity and survivorship, suggesting that extreme elevations may
compound rather than ameliorate the stress of Bd infection for P. marmoratum adults.

It is important to note that all association between Bd site status and apparent sublethal impacts
to individuals are correlative in this study. We did not conduct trials and cannot know the Bd
exposure history of any individual frog. One important implication is that we do not know the
direction of causality: we interpret that Bd could be incurring sublethal impacts, but alternately
Bd might be more likely to affect amphibian populations with lower energy reserves. If this were
the case, observed interactions between body condition or size, elevation, and site Bd status
require different mechanistic explanations.

3.5 Conclusion

Climate change will continue to drive range shifts, with many species expanding into more
thermally-variable regions like the Vilcanota. It is important that we understand how the stress of
novel, frequently less optimal, habitats impact host-pathogen systems, particularly in the face of
increasingly common emerging infectious disease challenges. In the case of amphibian-Bd
systems, hosts cannot escape infection by range shifting upslope: Bd infects amphibians and
disperses readily even at the edges of their physiological tolerances, though factors like exposure
to thermal variability may mediate infection outcomes. This work can help inform and stimulate
further questions around how host range shifts might in some cases exacerbate and in others
mitigate emerging infectious disease events.
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3.7 Supplementary materials

Figure S 1. The study system. (a) Sites where amphibians and Batrachochytrium dendrobatidis
were sampled in the Cordillera Vilcanota, colored to represent their watershed location and
plotted over a hill-shaded digital elevation model (DEM). The two deglaciated mountain passes,
Osjollo and Chimboya, are labeled. The study species (b) Pleurodema marmoratum, (c)
Telmatobius marmoratus, and (d) Rhinella spinulosa are also pictured. Photos courtesy of Anton
Sorokin.
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Table S 1. Analysis of molecular variance of Batrachochytrium dendrobatidis in the Vilcanota.

Sum of square deviations Mean square deviations Degrees of Freedom 2 p-value
Watershed 47.9 24.0 2 0.058 0.428
Sites 398.4 22.1 18 -2.449  0.999
Individuals  560.3 31.1 18 7.100  0.001
Error 660.1 16.9 39 16.925

Total 1666.7 21.6 77




Table S 2. Redundancy analysis of Batrachochytrium dendrobatidis in the Vilcanota on 459

SNPs.
MissForest Number of iterations NRMSE

5 0.5404669
Vegan RDA Inertia Proportion Rank F Pr>F) Adj. »*
Constrained 15.93 0.04 1 1.46 0.031 0.038 0.012
Unconstrained 403.07 0.96 37
Total 419.00 1

Figure S 3. Adult counts along the elevational gradient for all sites where any life stage of that
species was detected. Slope and confidence intervals are displayed when predictors were
significant and the model was well fit. (a) Pleurodema marmoratum adult counts varied from
0—15 with a mean of 4.98. (1. = 63). (b) Telmatobius marmoratus adult counts varied from
0—9 with a mean of 1.92 (n...= 17). (¢) Rhinella spinulosa adult counts varied from 0—12 with
a mean of 2.85 (n.«.= 25). R. spinulosa adults counts declined by about 6.4 animals per 1000m

increase in elevation.
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Table S 3. AIC table and model summary for negative binomial regression of adult counts of
Rhinella spinulosa along the elevational gradient ("ele"). Deviance shown is the residual
deviance for the model including elevation and the null deviance for the saturated model.

K AIC AAIC Coefficient  Intercept Deviance (df) 7’
In(Naduis) ~  ele 3 111.40 0.00 -3.185-1073** 14.915*** 26.015(23)  0.150
1 2 117.47 6.07 1.2] 5% 35.130




Figure S 4. The relationship between the date at which a site was sampled and elevation. Sites

sampled in 2018 are unfilled, and sites sampled in 2019 are filled.
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Figure S 5. The relationship between site Batrachochytrium dendrobatidis infection metrics in
Pleurodema marmoratum and elevation (nsies = 18). The infection metrics assessed were (a) site
prevalence, (b) site mean infection intensity, and (¢) site maximal infection intensity.
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Table S 4. An AIC table for the model relating site Batrachochytrium dendrobatidis infection
prevalence (nsies = 18) in Pleurodema marmoratum to elevation ("ele"). Deviance shown is the
residual deviance for models including predictors and the null deviance for the saturated model.

K AIC AAIC Coefficient Intercept Residual SE (df) Adj. ¥
prevalence ~ ele+ele> 4 -16.17 0.00 ele 5.25-103*% -11.87*  0.135(15) 0.200
ele?-5.62-107*
1 2 -13.90 2.28 0.340*** 0.152 (17)
ele 3 -11.93 424 1.90-10° 0.25 0.156 (16) -0.060

Figure S 6. Linear regression predicting individual SMI from elevation and site
Batrachochytrium dendrobatidis (Bd) infection status for (a) P. marmoratum tadpoles (n = 128,
nsiees = 15) and (b) P. marmoratum adults (n = 339, ngies = 53).
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Table S 5. AIC table and model summaries for linear mixed model predicting body condition

(SMI) from elevation ("ele"), site Batrachochytrium dendrobatidis infection status ("st"), the
interaction between those terms, and site as a random effect ("1[site").
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Model formulaA

15)
In(SMI)~

P. marmoratum adults (n = 339, nsires = 53)

K AIC

A
AIC

P. marmoratum tadpoles (n = 128, ngites =

Coefficient

Intercept g (dj)B

l"2 marginal 7'2 conditional

ele-+(1[site) 4 4721 0.00 ele -14510%- 0.75- 8.17-10° 0.036  0.115
strele:st+(1fsite)® 6 4742 0.02 st -1.37 1.58%* 072 (155) 0074 0.113
stele -3.08-104 * 1.11:10%(14.7)
stzele -3.76:10° 9.80-10°5 (13.1)
cle*stt(l[site) ¢ 6 4724  0.02 ecle -3.08:10% 1.58%*  1.11-104(14.7) 0.074  0.113
ste -1.37- 072 (15.5)
stizele 2.71-10% 1.48:10%(14.0)
(1[site) 3 4794 072 0.05 004 (120) 0 0.135
eletstr(Ifsite) 5 48.03 082 ecle -1.50-10% 0.82- 8.31-105(16.3) 0.048  0.135
ste -7.67-10 7.00-102(12.1)
eletele:st(Ifsite) 5 4831  1.10 ele -1.42-10% 0.78- 8.32:105(15.3) 0.045 0.133
stezele -1.39:10° 1.45-10% (11.0)
st+(1[site) 4 4890 169 st -0.08 0.10 0.08  (13.8) 0018 0.154

tuk(SMI) ~

eletstH(I[sit) 5 0.00 ele -4.03-10° 1.02%%*%  270-10°(43.5) 0.031  0.209
ste -3.35-10° 2.01-10° (42.1)
eletele:stH(1]site) 5 0.12 ele -3.54-10°F 1.02%%%  273-106(42.7) 0.030 0.210
elesst: -7.01-107 4.30-107 (41.6)
st+(1site) 4 022 st -3.36'107 1.00%**  2.02-107(40.7) 0.018  0.200
ele+(1]site) 4 072 ele -4.14-10° 1.02%%%  277-105(42.9) 0.015  0.209
(1]site) 3 0.95 1.00%** 926  (36.7) 0 0.196
ele*sti(1[site) C 6 180 ele -5.90-10° 1.03***  501-109(50.0) 0.030  0.206
ste -1.57-102 2.78-102 (47.6)
ele:sts 2.65-10° 5.94-10° (46.9)
strele:stH(1[site)© 6 180 st -1.57-107 1.03%** 278102 (47.6) 0.030  0.206

stele -5.90-10°
sti:ele -3.25-10°°

5.01-10(50.0)
3.19-10°°(40.4)
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T. marmoratus tadpoles (n = 77, Nsites = 6)

In(SMD)~  strelessth(llsite) 5 470 000 st -3.08* 42105 123-10°(77.0) 0.146  0.146
stele -6.42-1074+* 0.24-1073 (77.0)
sti:ele 7.77-10°° 0.12-1073 (77.0)

ele*st+(1[site) ¢ 5 -4.70 0.00 ele -6.42-10%** 4.21%*%% (0.24-103(77.0) 0.146 0.146
st: -3.08% 1.23-10% (77.0)
ele:st+ 6.50-10%* 0.27-1073 (77.0)

st+(1]site) 3 -1.71 2.98 -0.12- 1.29***  0.06 (4.96) 0.067 0.081

ele+st+(1]site) ¢ 4 -1.01 3.69 cle -1.30-10* 1.88*** (0.11-103 (77.0) 0.080 0.080
st+ -0.09 0.06-107 (77.0)

eletele:st+(1[site) 4 -0.67 4.02 cele -1.19-10# 1.83* 0.12-103 (5.55) 0.076 0.078
ele:st+ -1.91-107 0.01-10- (4.81)

elet(1[site) 3 -0.32 438 ele -2.09-10* 2.19% 1.23-10*#(48.7)  0.049 0.077

(1]site) 2 1129 5.99 123%% 004  (46.0) 0 0.080

a Additive effects are shown with a "+", interactive effects are shown with a ":", and a full interactive model
including all additive and interactive effects is shown with a "*".

b SE shown is for the estimate of the predictor coefficient.

¢ The full interactive model and model including putative site infection status and its interaction with elevation are
different parameterizations of the same model, explaining their identical AIC values.

dModel is singular and may be overfit.
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Figure S 7. Linear regression predicting individual SVL from elevation for (a) P. marmoratum
tadpoles (n = 128, nsires = 15), using residuals from the linear model relating SVL to Gosner
developmental stage, and (b) P. marmoratum adults (n = 339, nsires = 53). (¢) P. marmoratum
tadpoles (n = 128) were only sampled from the highest parts of the landscape early in the sampling
season, despite having visited higher elevations across the sampling season. P. marmoratum breed in
seasonal ponds, so this temporal-by-elevational sampling association may reflect the fact that higher
elevations have shorter hydroperiods—driving the earlier emersion of metamorphs and hence their
absence upon visiting high elevation sites later in the season. This association could potentially
confound relationships between elevation and SVL or SMI relative to developmental stage in P.
marmoratum, though it is worth noting that this would impact Bd+ and Bd- sites alike. (d) 7.
marmoratus breed in stable stream or peatland environments, perhaps explaining why there was no
systematic relationship between Gosner stage, elevation, and time of sampling for 7. marmoratus
tadpoles (n = 77).
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Table S 6. AIC table and model summaries for linear mixed model predicting predicting body size (SVL)
from elevation ("ele"), site Bd infection status ("st"), the interaction between those terms, site as a random
effect ("1]site"), and developmental stage ("go") for tadpoles.

Model formula® K AIC A?C Coefficient Intercept SE ( df)E Fmarginal P conditional
P. marmoratum tadpoles (n = 128, nires = 15)
SVL~ eletgo 5 443.05 0.00 ele 1.99-103* 0.40 6.87-104(16.4) 0.177 0.536
+(1site) 20 6.75-10° 5.57-102(126.4)
eletsttgo 6 443.61 0.56 ele 1.97-1073** 1.05 6.55-10*(16.4) 0.238 0.548
+(1site) st+-0.70 0.57  (15.0)
20 6.36:1072 5.56:102(126.8)
ele*st+go 7 443.82 0.77 ele 1.05-103 5.28 9.20-10* (16.7) 0.252 0.536
H(1psite) F st- -8.81 597 (16.6)
go  6.79-1072 5.54-1072 (127.0)
sti:ele 1.70-1073 1.24-107 (16.3)
st+ele:st 7 443.82 0.77 st -8.81 5.28 5.97 (16.6) 0.252 0.536
+g20 g0 6.79-102 5.54-102 (127.0)
+(1site) & st:ele 1.05-1073 9.20-10* (16.7)
stzele 2.75-1073 8.46-10™ (16.5)
eletele:st 6 443.90 0.85 ele 2.04-103** (.65 6.62:10* (16.2) 0.230 0.547
+g20 g0 6.37-102 5.56-102 (12.7)
+(1]site) ele:st -1.31-10* 1.20-10* (14.8)
got(l[site) 4 447.58 4.53 go 0.05 10.39%** 0.06 (124.8) 0.005 0.571
st+go 5 448.60 5.55 St+ -0.73 10.96%** 0.72 (14.6)  0.050 0.571
+(1site) g 005 0.06  (125.1)
P. marmoratum adults (n = 339, nsires =
SVL~ ele*st 6 1835.05 0.00 ele  6.38:103*** _0.95 1.81-103 (51.8)  0.081 0.183
+(1]site) & st+ 23.56* 9.98 (48.4)
ele:st+-5.30-103* 2.13-107 (47.4)
st+ele:st 6 1835.05 0.00 St+ 23.56* -0.95 9.98 (48.4)  0.081 0.183
+ (1/site) & ele:st. 6.38-103%** 1.81-1073 (51.8)
ele:st+ 1.08-1073 1.13-1073 (38.3)
eletele:st 5 1838.43 3.38 ele 2.78-103%* 15.93%*%* 1.01-107 (38.8) 0.056 0.180
+(1site)
ele:st+-2.82-104- 1.59-10* (38.16)
eletst 5 1838.99 3.94 ele 2.58-103* 16.76%* 1.01-107 (39.8) 0.053 0.180
+ (1[site) ste -1.19 075  (38.7)
elet(1jsite) 4 1839.40 4.35 ele 2.60-1073* 15.80** 1.05-103 (40.8)  0.037 0.183
st+(1]site) 4 1843.16 8.11 st -1.17 28.78 0.803 (38.0) 0.014 0.177

(1]site) 3 1843.18 8.13 27.92%%* 0.37 362) 0 0.186
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T. marmoratus tadpoles (n = 77, Hsires = 6)
tuk(SVL) sttele:sttgo 7 171558 0.00 st -7.95-105%** 588-105** 115-105 (10.6)  0.677  0.691

+(1[site) & ele:st. 2.06-103** 6.13-10% (76.7)

ele:sts -1.25-10%#** 19.99  (7.2)

go  46.01** 13.61 (15.8)
ele*st+go 7 171558 0.00 ele -1.25-10%*** 588-105*** 1991  (7.8) 0.677  0.691
+(1]site) & st+ -7.95-10%%** 1.15-10° (7.2)

ele:st+ 2.06-103** 6.13-10% (10.6)

go 1.71-102%%* 2476 (10.1)
got(llsite) 4 172532 9.73 go  2028.87 17679.05 612.63 (76.8) 0.114  0.646
eletgo 5 1726.69 11.11 ele -5.73 43924.02 30.19 (5.7 0.103  0.640
+(1[site) go  2047.81%** 618.79 (75.8)
st+go 5172728 11.70 st+  -11965.36 23931.55 14810.27 (5.7) 0.192  0.659
+(1[site) go  2012.25%* 612.55 (76.8)
eletst+go 6 1728.66 13.08 ecle 524 555.30 32.07  (6.1) 0.208  0.665
+ (1[site) st+  -13120.03 16402.47 (5.9)

go  1992.005** 625.17 (73.9)
eletele:stt 6 1728.83 1325 ele 5.53 -1626.23 33.73  (6.0) 0.186  0.661
go+(1[site) ele:st+ 2000.43** 624.76 (74.0)

go  -2.46 3.63 (5.8)

¢ Additive effects are shown with a "+", interactive effects are shown with a ":", and a full interactive model

including all additive and interactive effects is shown with a "*"

fSE shown is for the estimate of the predictor coefficient.

¢ The full interactive model and model including putative site infection status and its interaction with elevation are
different parameterizations of the same model, explaining their identical AIC values.

Figure S 8. Hypothesis for how elevation interacts with microhabitat usage by species and life stages
studied to impact Bd infection outcomes. Lower elevations offer higher average temperatures, but also
less extreme daily temperature fluctuations. However, exposure to this thermal variability depend on an
organism's microhabitat. Terrestrial habitats are subject to more extreme temperature fluctuations than
pond habitats, which in turn experience more extreme fluctuations than stream or peat-bog habitats. These
temperature regimes influence Bd growth rate and exposure to amphibians' physiological tolerance.

Pleurodema marmoratum
_# Pleurodema marmoratum
Nelmatobius marmoratus
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CONCLUSION

As the climate continues to rapidly warm over the coming years, bioclimatic modelling suggests
that diverse species will continue to shift their elevational and latitudinal ranges across the world
(Corlett et al., 2013; Forero-Media et al. 2011; Elsen and Tingley 2015; Lawler et al., 2013). The
potential evolutionary and ecological impacts of these range shifts, therefore, is an issue of
widespread relevance to conservation practitioners and to managers. Using the tools of
population genomics and disease ecology, my dissertation has explored the following aspects of
contemporary, climate-driven range shifts: the spatial signature they leave in whole genome
diversity, their influence on genomic adaptation to the new environments colonized, and their
implications for host-pathogen dynamics.

Keeping evolution in mind when considering climate-driven range shifts can transform our
predictions of their impact on biodiversity (Diamond, 2017). My first chapter adds nuance to the
perception of range expansions as a successful response to climate change, since whole genome
diversity is perhaps our best proxy for the evolutionary potential of non-model organisms
(Kardos et al., 2021) and we document its measurable decline in genomic diversity along a
climate-change driven range expansion front. My second chapter additionally finds declines in
the frequency of many putatively adaptive variants to the novel environment colonized,
suggesting that high drift along the expansion front may be taking a toll on selection efficacy.
Since failure to adapt to a physiologically mismatched environment may drive population
declines (Bay et al., 2018; Urban et al., 2013), we must consider the possibility that populations
inhabiting new range extents may be more susceptible to declines in the present—additional to
being less prepared to evolve in the face of future challenges.

Similarly, keeping ecological interactions in mind when considering climate-driven range shifts
is crucial if we are to accurately predict how they will impact biodiversity (Berke et al. 2010).
With the rising incidence of emerging infectious diseases (EIDs; Fisher et al., 2012; Jones et al.,
2008), it is expedient that we improve our understanding of how climate-driven range shifts will
modulate host-pathogen dynamics. My third chapter concludes that, though range shifts did not
allow hosts to evade infection and did not affect pathogen transmission of the pathogen studied,
the novel environment colonized may have mediated infection outcomes for hosts. Improving
our understanding of how climate-change driven range expansion influences the disease triangle
(disease-host-environment) will be important, not just for biodiversity conservation, but also for
public health.

The plummeting costs of high-throughput genomic sequencing (Goodwin et al. 2016) brings the
widescale application of the kinds of approaches I have implemented here ever more closely into
view. My dissertation work demonstrates the utility of elaborating our understanding of species'
responses to climate change with key ecological and evolutionary considerations. In conclusion,
I hope we will deploy these approaches to address such problems as detecting range shifting
populations in need of genetic rescue, identifying crucial adaptive variants for the long-term
persistence of populations in newly colonized ranges, and predicting when range expansions may
precipitate disease outbreak events.
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