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ABSTRACT

Climate change impacts emerging infectious disease events through multiple mechanisms, but
the influence it exerts through driving host range shifts has been little explored. For instance,
range shifts may affect pathogen transmission by altering the connectivity of host populations.
Additionally, range expanding hosts and pathogens will have different physiological responses to
the suites of novel, challenging conditions they are exposed to, influencing infection outcomes.
We studied the fungal pathogen Batrachochytrium dendrobatidis (Bd) on three anuran
amphibians in the Cordillera Vilcanota, Peru: Pleurodema marmoratum, Telmatobius
marmoratus, and Rhinella spinulosa. There, these species have undergone a climate-driven range
expansion into recently deglaciated habitat to become both the highest elevation amphibians and
the highest elevation cases of Bd infection globally. We analyzed Bd genetics, infection metrics,
and sublethal impacts along the colonization front (3,900—35,400 m asl) to explore how
elevational range expansion affected host-pathogen dynamics. Amphibian range shifts have
enabled new connectivity across the once continuously glaciated Cordillera 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 Cordillera Vilcanota, Bd
growth does appear to be constrained at the highest reaches of the Vilcanota. We present
evidence that Bd infection has different sublethal costs for amphibians at the new elevations they
have colonized, but whether the costs are mitigated or exacerbated by extreme elevation may be

moderated by amphibian microhabitat use.
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INTRODUCTION

The rising incidence of emerging infectious diseases (EIDs) is a critical issue for both
conservation and public health (Jones et al. 2008, Fisher et al. 2012). 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 and Brooks 2015,
Liang and Gong 2017). One little-studied mechanism by which climate change might influence
the course of EIDs is by driving hosts to shift their elevational or latitudinal range (Parmesan et
al. 1999, Moritz et al. 2008, Freeman et al. 2018). As hosts undergo range shifts, their exposure
to novel environments may alter host-pathogen dynamics—potentially exacerbating or

mitigating infections, affecting transmission patterns, or exposing hosts to new pathogens.

The emergence of Batrachochytrium dendrobatidis (Bd), the fungal pathogen causing
chytridiomycosis that has contributed to devastating global amphibian declines (Skerratt et al.
2007, Scheele et al. 2019), has been linked to climate change through several hypothesized
mechanisms (Li et al. 2013). Climate change may have expanded the geographic extent of
optimal Bd growth conditions (Bosch et al. 2007). Meanwhile, increased drought frequency
compromises amphibian immunity while enhancing Bd transmission by causing amphibian

aggregation in shrinking water bodies or more humid microhabitats (Burrowes et al. 2004,
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Lampo et al. 2006). Theory also predicts that increased climatic variability favors rapidly-
adapting pathogens over hosts, resulting in faster Bd growth and worse infection outcomes (Rohr
and Raffel 2010, Raffel et al. 2013). Finally, as parasites generally have broader thermal
tolerances than their hosts, frogs are likely to be exposed to suboptimal temperatures before Bd
is, placing them at a relative fitness disadvantage (Cohen et al. 2017, 2019). The mounting
evidence that amphibians are shifting their distributions across the world (e.g. Bustamante et al.
2005, Raxworthy et al. 2008, Enriquez-Urzelai et al. 2019) suggests another link between

climate change and amphibian-Bd dynamics: colonization and exposure to novel environments.

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 anuran species had expanded their elevational ranges by
hundreds of vertical meters into mountain passes that were fully glaciated at the end of the Little
Ice Age, only 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 in P. marmoratum
and 7. marmoratus at the upper limits of their distribution, and a die-off event was observed in T.
marmoratus at 5,244 m asl (Seimon et al. 2007). Today, all three anurans persist in the
Vilcanota, though at lower abundances, and host-pathogen dynamics have transitioned into a
more stable, enzootic state (Seimon et al 2017), as can also be said of neighboring anuran

communities downslope (Catenazzi et al. 2017).
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Moving upslope in the Vilcanota, Bd and anurans are challenged by increasingly inhospitable
conditions: progressively more intense UV radiation, deep frozen precipitation, and a partial
oxygen pressure 50-60% of that at sea level (Wang et al. 2014, Poremba et al. 2015, Seimon et
al. 2017). At the apex of the Vilcanota mountain passes, soil temperature can dip to —12°C at
night and reach 25°C during the day, with a soil freezing rate exceeding that measured from any
site on Earth (1.8°C h™!; Schmidt et al. 2009). Resident frogs can be exposed to an even broader
operative temperature range (—3.5 to 44°C; Reider 2018). Here, we ask how range expansion
upslope to these new, challenging elevations may have influenced frog-Bd infection dynamics.
We used genetic data to inform our understanding of the local history of Bd, then examined site-
level infection metrics and 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 the evolution of a locally-
adapted BdGPL strain. If Bd remains dispersive despite extreme high-elevation conditions, and
particularly if it was introduced to the Vilcanota just before die-offs occurred there in the early
2000s, Bd will be spatially unstructured, a common finding elsewhere Bd population genetics
have been studied (e.g. Byrne et al. 2019, Alvarado-Rybak et al. 2021, Basanta et al. 2021).
However, if Bd persistence in the environment is depressed by harsh, high elevation conditions,
the genetic structure of Bd may reflect its gradual spread between watersheds by way of anuran
dispersal along the deglaciated corridors provided by mountain passes (Haddad et al. 2014). The

present study is the first to examine site-level Bd metrics above 4000m asl; though Bd infection
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prevalence and intensity tend to initially increase with elevation, studies sampling to 4000 m asl
suggest that these metrics may decline with increasing elevations at the range we sampled here
(3,900—5,400 m asl; Muths et al. 2008, Catenazzi et al. 2011). 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 increasing elevations. These
analyses provide the first insights into how the contemporary, climate-change-driven range shifts

of hosts may influence EID events.

MATERIALS AND METHODS

Fieldwork

The Cordillera Vilcanota (13.74°S, 71.09°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. Whereas T. marmoratus breed throughout the year, P. marmoratum and
R. spinulosa are in their final months of reproductive activity at this time, such that tadpoles can
be sampled even when adults are difficult to locate. We sampled at 76 sites across three
watersheds: the Alto Urubamba on the interandean versant and the the Inambari and Yavero on
the Amazonian versant. Sites ranged from 3,967—5,333 m asl, including transects across two
deglaciated passes (Fig. 1). We spent approximately equal person-hours at each sampling site,

capturing tadpoles by scoop net and searching for post-metamorphic stages under rocks and
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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, Wiltshire, UK; Boyle 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: 19mm for
P. marmoratum; 30mm for R. spinulosa; and 29mm for 7. marmoratus. Post-metamorphic
individuals without nuptial pads that exceeded this threshold were classed as adult 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 either aquatic or terrestrial

microhabitats. Aquatic iButtons were protected with rubber spray sealant, glued to the inside of a



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

3cm-diameter PVC tube of 12cm length, and placed in ephemeral ponds containing P.
marmoratum tadpoles. Terrestrial iButtons were glued to the inside of a 10cm 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.

Bd quantification and genotyping

We focused on gaining a comprehensive understanding of Bd dynamics in our most widely-
sampled anuran, P. marmoratum. We estimated Bd zoospore equivalents (ZE) per swab using
triplicate quantitative PCR reactions (Hyatt et al. 2007; see Supporting information for details).
Amplicon sequencing libraries were prepared for 96 Bd+ extracts on a Fluidigm Access Array
and sequenced with Illumina Miseq (Byrne et al. 2017). We processed sequences with the

reduce _amplicons.R script (https://github.com/msettles/dbcAmplicons) and produced BAM files

and ambiguity sequences as substrates for the following analyses (see Supporting information for

details).

Phylogenetic, structure, and redundancy analyses

We processed ambiguity sequences separately for Vilcanota samples and a larger dataset that
included previously published genotypes representative of global Bd diversity (Byrne et al.
2019). In R, we removed one sample for each of six amplicons that resulted in >5bp 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


https://github.com/msettles/dbcAmplicons

189  Geneious (v2021.1.1), we checked for alignment issues and estimated a ML gene tree for each
190  amplicon using RAXML (v4.0) with the GTR substitution model and the rapid bootstrapping

191  method for 100 bootstraps. We collapsed gene trees in Newick Utils (v. 1.6) by branches with
192 <10 bootstrap support to improve tree accuracy, then estimated an unrooted species tree in

193 ASTRAL (v5.7.4) and visualized in GGTREE (v3.0.2).

194

195  To examine standing genetic variation of Vilcanota Bd, we used BAM files to create a Site

196  Frequency Spectrum (SFS) in ANGSD (v0.933-106-gb0d8011). BAMs were then processed

197  separately for the subset of Vilcanota samples retained in phylogenetic analyses and the larger
198  dataset including globally representative BdGPL samples (Byrne et al. 2019). We indexed BAMs
199  in SAMtools (v1.11) and detected variants with a minimum coverage of 10X in FreeBayes

200  (v1.3.2-46-g2c1e395). We conducted a principal component analysis with a NIPALS PCA based
201  on an ANGSD covariance matrix (Korneliussen et al. 2014), a method only evaluating pairwise
202  sets of individuals at loci for which they are both sequenced. We tested for population structure
203  at the scale of sampling sites and watersheds, using a pegas-based, clone-corrected AMOVA in
204  Poppr (Kamvar et al. 2014). We also assessed the proportion of genetic variance that could be
205  explained by elevation in R by imputing missing genotypes with the random-forest method

206  MissForest (v1.4), conducting a redundancy analysis in Vegan (v2.5-7), and calculating the

207  adjusted * value and predictor p-values of the resulting model with ANOVA in Stats (v4.1.1).

208
209 Infection dynamics across elevations

210
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We analyzed the site-level effects and sublethal impacts of Bd in R (v4.0.2; see Supporting
information for details). First, we used GLMs to examine the influence of elevation on
population density— based on adults for Pleurodema marmoratum and Rhinella spinulosa and
all life stages for the endangered Telmatobius marmoratus—in MASS (v7.3-54). We investigated
whether elevation predicted site mean infection intensity, maximal infection intensity, or
prevalence through linear and quadratic regression models. Finally, we examined whether frog
body size (SVL) and condition (SMI, as per Peig and Green 2009) responded to site infection
status, elevation, and site as a random effect for P. marmoratum adults, P. marmoratum tadpoles,
and 7. marmoratus tadpoles using GLMMs in Ime4, omitting the remaining species-life stage
combinations due to insufficient sample sizes. We included Gosner developmental stage as a
partial correlate predicting tadpole SVLs. To explore how thermal regimes along the elevational
gradient might relate to observed trends in infection metrics and 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.
marmoratum, and the mean temperature tolerated by P. marmoratum adults that recovered

following freezing (Reider et al. 2020).

RESULTS

Phylogenetic placement, spatial genetic structure, and local adaptation

Bd samples from P. marmoratum in the Vilcanota (n = 44) nest phylogenetically within the

BdGPL-2 clade of the BdGPL lineage. Bd samples did not form a clearly-differentiated strain
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(Fig. 2, Fig. S1), as was also evident in a PCA of globally-derived BdGPL genotypes (Fig. 3A).
Bd from the Vilcanota is locally unstructured, with samples failing to cluster geographically in a
PCA or consensus gene tree (Fig. 3B, Fig. S2), despite containing many low-frequency variants
that were robust to stringent filtering (73.4% variants have an allele frequency of ~1%). No clear
differentiation of watersheds or sites was evident in an AMOVA (p > 0.05, Table S1).
Redundancy analysis identified elevation as a significant predictor, though only explaining 1.2%,

of genetic variance (p < 0.05, Table S2).

Site infection metrics across elevations

We recorded adult Pleurodema marmoratum and Telmatobius marmoratus at the core of Osjollo
Pass, at a maximal elevation of 5,333 and 5,226 m asl respectively. We sampled P. marmoratus
at regular intervals across the entirety of both Osjollo and Chimboya Passes, suggesting that
these deglaciated passes now provide new connectivity between populations north and south of
the Vilcanota. Our proxy of population density in P. marmoratum (nsies = 63) and T. marmoratus
(nsires = 17) did not correlate with elevation (Fig. S3A-B). We detected R. spinulosa only up to
4,895 m asl, and adult counts of R. spinulosa declined by 6.4 animals per 1000m increase in

elevation (nies = 25, p < 0.001, Fig. S3C, Table S3).

Bd prevalence in P. marmoratum was 30.0% among juveniles (n = 120) and 24.0% among adults
(n=1317), but not detected in tadpoles (n = 256). The best model by AIC relating elevation to Bd
prevalence was a quadratic model, with Bd prevalence peaking midway along the high elevation

gradient (approx. 4700 m.a.s.l; Fig. S4A, Table S4). The predictors in this model were



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

12

significant and explained 20% of variance in prevalence (#ies = 18, p < 0.05, Table S4). Visual
inspection of plots of infection intensity against elevation suggested that these metrics declined
with increasing elevation (Fig. S4B-C), but data supported neither a linear nor a quadratic

relationship between site mean or maximal infection intensity and elevation (#sizes = 18).

Sublethal impacts across elevations

In Telmatobius marmoratus tadpoles, a full interactive model including elevation and site
infection status as predictors of body condition (SMI) minimized AIC and explained 11% of
variance in the data (n = 77, nes = 6, Table S5), 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
suggests that tadpoles attained higher body conditions at lower elevations at Bd- sites, but did not

experience this energetic benefit at low elevations at Bd+ sites (Fig. 4A).

Similarly, 7. marmoratus tadpole body size (SVL) was best predicted by a full interactive model
that included elevation, site status, and developmental stage as a partial correlate. All predictors
were significant, with fixed effects explaining 68% of the variance (n = 77, nsws = 6, p < 0.001,
Table S6). Consistent with our findings regarding 7. marmoratus tadpole SMI, the best-fit model
suggested that tadpoles are longer relative to developmental stage at lower elevations, but only at

Bd- sites (Fig. 4B).

The model predicting P. marmoratum tadpole SMI from elevation and site status with lowest

AIC included elevation only. According to this model, body condition declined with increasing
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elevation, but the model predictors were not significant, and the fixed effects explained only 4%
of variance in SMI (n = 128, ngires = 15, p >0.05, Table S5). 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. 4A and Fig. S5C). 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 S5). Meanwhile, Pleurodema marmoratum tadpole SVL was best predicted by
elevation alone. Tadpoles were longer relative to developmental stage at higher elevations
regardless of site infection status (Fig. S6A). The model explained 18% of variance in SVL, but

not all predictors were significant (n = 128, nsies= 15, p > 0.05, Table S6).

In P. marmoratum adults, the best model of SMI by AIC was an additive model that included
elevation and site infection status, though these predictors were not significant and explained
only 3% of variance in SMI (n = 339, nsies = 53, p > 0.05, Table S5). 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. 4A and Fig. S5B): 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 S5).

In adult P. marmoratum, SVL was best predicted from a full interactive model of elevation and
site Bd 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, ngies = 53, p > 0.05, Table S6).

According to this model, SVL in adult P. marmoratum increases with increasing elevation,
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regardless of site infection status. However, while SVL increases rapidly at Bd- sites (6.5mm per

1,000m of elevation), SVL increases only gradually at Bd+ sites (1.4 mm per 1,000m; Fig. S6B).

Temperature data from iButtons along the elevational gradient demonstrated that higher
elevations were characterized by lower average daily temperatures and larger fluctuations in
daily temperature (Fig. 5A). Ephemeral pond habitats, as expected, experienced less thermal
variability than adjacent terrestrial habitats (Fig. SA). It follows that, at higher elevations, Bd is
characterized by a lower average rate, but anurans also experience greater exposure to their

physiological tolerance limits (Fig. 5B).

DISCUSSION

Understanding how climate change and novel pathogens interact to challenge wildlife is of
critical concern to conservation and public health, but we know little about how host range shifts
driven by climate change may impact infection dynamics. We used genetic analyses and
modeled the relationship among elevation, site infection metrics, and the sublethal impacts of
infection to understand how the range expansion of three anuran species may have impacted the
course of their infection with Batrachochytrium dendrobatidis. We learned that at least one of
the anurans studied (P. marmoratum) is now using mountain passes cleared by the last 150 years
of deglaciation to disperse between watersheds separated by the Cordillera Vilcanota. We
learned that Bd is resilient to, and can disperse extensively at, even the highest elevations used by

amphibians. We also found evidence that some site infection metrics and sublethal impacts of
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infection correlate with elevation, suggesting that this host range shift into new, high elevation

habitats has implications for infection outcomes.

Genetic evidence suggests the recent introduction and extensive dispersal of

BdGPL-2

Whether global Bd epizootic events were provoked by a novel or endemic pathogen has not yet
been determined (Rachowicz et al. 2005, Rosenblum et al. 2013). We know that Bd was
frequently present in areas long before recorded epizootics (e.g. Soto-Azat et al. 2010, Rodriguez
et al. 2014, Becker et al. 2016, Adams et al. 2017, de Ledn et al. 2019, Basanta et al. 2021).
Indeed, the earliest known Bd was swabbed from a Titicaca water frog (Telmatobius culeus)
collected in 1863, 300km southeast of the Cordillera Vilcanota (Burrowes and De la Riva
2017a). Scientists responsible for these pre-epizootic detections, and others across Amazonia
dating from 1895, propose that they represent endemic strains, and that regional Bd-associated
declines were driven by a novel strain invading in the 1990s (Becker et al. 2016, Burrowes and
De la Riva 2017a). The top candidate for this novel strain is the global panzootic lineage
(BdGPL), the most derived Bd lineage in current phylogenies and the one most frequently
associated with chytridiomycosis. Despite occurring on every amphibian-inhabited continent
(Farrer et al. 2011, O’Hanlon et al. 2018), BAGPL-2 shows little genetic structure (Schloegel et
al. 2012, James et al. 2015), suggesting its recent, rapid expansion (Farrer et al. 2011, Rosenblum

et al. 2013).
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All Bd samples sequenced in this study belong to BAGPL, consistent with previous studies
genotyping Bd collected from all South American sites west of the Brazilian Atlantic Forest
(O’Hanlon et al. 2018, Byrne et al. 2019, Russell et al. 2019, Alvarado-Rybak et al. 2021).
Additionally, Bd sampled from the Vilcanota was entirely from BdGPL-2, the more derived and
globalized of two major proposed BAGPL sub-clades (James et al. 2015). However, it is worth
noting that BdGPL can outcompete older 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 bias our

data against less-virulent strains (Farrer et al. 2011, Byrne et al. 2017).

We found Vilcanota BAGPL-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 (Velo-Antén et al. 2012, Byrne et al. 2019, Alvarado-Rybak et
al. 2021, Basanta et al. 2021, Rothstein et al. 2021). This lack of structure is generally interpreted
as evidence for its recent introduction to the areas sampled. One exception is the structured Bd of
the Sierra Nevada of California, suggesting the western U.S.A. as a potential origin for BdGPL.
Sierran Bd demonstrates both that BAGPL can develop spatial structure and that it can do so

despite cool, high-elevation conditions that may constrain rates of evolutionary change.

Although unstructured, Vilcanota BdGPL-2 has substantial low-frequency variation,
representative of the global variation in BdGPL-2. Our data cannot exclude the possibility that
BdGPL circulated in the Vilcanota prior to the local epizootics of the early 2000s. However, in

the context of prior regional studies (Lips et al. 2008, Catenazzi et al. 2011, Burrowes et al.
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369  2020), the most likely explanations are that BdGPL-2 housed substantial standing genetic

370  variation upon its introduction or that it was introduced to the Vilcanota multiple times. Our

371  analyses place Vilcanota Bd in a large, global polytomy within BdGPL-2. Therefore, we cannot
372  determine whether BdGPL spread from Ecuador via the Andes (Lips et al. 2008) or from Brazil
373  via Bolivia (Catenazzi et al. 2011, Burrowes et al. 2020). However, the timing of BdGPL-2's

374 arrival likely coincides with the onset of amphibian die-offs in the Vilcanota in the early 2000s
375  (Seimon et al. 2005, 2007), as this timing corresponds to declines in adjacent Amazonian and
376  cloud forest regions (Catenazzi et al. 2011).

377

378  Regardless of the provenance and timing of introduction, our data demonstrates that BdGPL-2
379  has undergone extensive, frequent dispersal locally. It is clear the transmission of Bd across the
380  Cordillera Vilcanota was not limited to transmission by anurans along the terrestrial corridors
381  provided by deglaciated passes. Any process transporting moisture may have enabled its

382  dispersal: trade of 7. marmoratus for urban consumption (Catenazzi et al. 2010), the introduction
383  and harvest of nonnative fish (Ortega and Hidalgo 2008, Martin-Torrijos et al. 2016), the

384  movements of Andean waterbirds (Burrowes and De la Riva 2017b), or even rainwater (Kolby et
385  al.2015).

386

387 Amphibians cannot escape Bd by range shifting upslope

388
389  Early studies generally found that Bd infection prevalence or intensity increased with elevation
390  (Brem and Lips 2008) and that epizootics impacted highland sites more severely (Lips 1999,

391  Berger et al. 2004, Lips et al. 2006). These relationships are consistent with the preference of Bd
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for cool temperatures (Piotrowski et al. 2004, Woodhams et al. 2008) and the impaired function
of the amphibian immune system and skin microbiome at colder, more thermally variable high
elevations (Jackson and Tinsley 2002, Daskin et al. 2014). 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 limited to elevations below 4,000 m asl
(Piotrowski et al. 2004, Ron 2005, Pounds et al. 2006, Woodhams et al. 2008). Subsequent
studies of amphibian communities up to 4,000 m asl reported declining Bd infection prevalence
or intensity with increasing elevation (Muths et al. 2008, Catenazzi et al. 2011), perhaps due as
much to increasing aridity as to decreasing temperatures at these higher elevations (De la Riva

and Burrowes 2011).

The idea that Bd pathogenicity had an upper elevational bound was undermined by the
documentation of severe infections above 4,000 m asl at several sites, including the Vilcanota
(Seimon et al. 2005, 2007, Knapp et al. 2011). From the data presented here, we find some
evidence that elevational extremes may constrain Bd growth. Bd infection metrics do appear to
decline at the upper reaches of the elevational gradient colonized by Vilcanota anurans (3,967—
5,333 m asl)—both for the significant and well-fit quadratic model of infection prevalence and
overall for the inherently noisy infection intensity data. Such declines would be consistent with
our expectations following from the temperature data recorded by our iButtons, considered in
light of a study profiling the thermal dependence of Bd growth (Voyles et al. 2017): we expect

Bd to experience lower average growth rates at higher elevations in the Vilcanota (Fig. 5).



414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

19

Upslope range shifts may mediate infection outcomes through exposure to

thermal variability

We used body size and condition data to investigate whether extreme elevations compounded or
ameliorated the sublethal impacts of Bd infection. Amphibian body size and condition signal
important information about nutritional history, and can predict important fitness components
such as fecundity, the ability to respond effectively to environmental stress, and lifespan

(Martins et al. 2013, Brodeur et al. 2020).

At Bd- sites, Telmatobius marmoratus tadpole condition and size declined with increasing
elevations. T. marmoratus tadpoles have a protracted larval development relative to P.
marmoratum and R. spinulosa. During the estimated 5—19 months until metamorphosis
(Rodriguez-Papuico 1974, PNUD and ALT 2002, 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. A competing explanation could be that 7. marmoratus tadpoles metamorphose more

quickly at increasing elevations, attaining a smaller size in the process (Licht 1975).

For larval T. marmoratus, circulating Bd was associated with decreased 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 spend
significant amounts of time at no- or low-growth temperatures for Bd, resulting in a depressed

average growth rate, but at low elevation remain stably at temperatures conducive to Bd growth
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(Fig. 5, Fig. S7). Studies of other amphibian species have shown that Bd infection can result in
smaller or lighter tadpoles (Parris and Cornelius 2004, Catenazzi et al. 2013b). Infected tadpoles
may sacrifice body size and condition by diverting energy towards immune response or by
accelerating metamorphosis (Warne et al. 2011). However, we expect that, for slow-developing
T. 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 and Summers 2001), as has been
demonstrated for congenerics (Rubio 2019). Damaged mouthparts can reduce the efficiency of
tadpole feeding, reshape their feeding ecology, and retard their growth (Rowe et al. 1996,

Rachowicz and Vredenburg 2004, 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. Larval P.
marmoratum differ from larval 7. marmoratus in that the former increase in body size relative to
developmental stage with elevation, regardless of site infection status. This trend may reflect a
reproductive strategy that is advantageous under stressful, high elevation conditions: females
produce fewer offspring of higher quality in harsher environments. This strategy has been

documented in several anuran species (Liiddecke 2002, Risédnen et al. 2005, Liao et al. 2014).

Adult P. marmoratum body size also increases with elevation, perhaps owing to selection for
larger size at metamorphosis and larger females capable of greater maternal investment (Chen et

al. 2013, Liao et al. 2014, Womack and Bell 2020). However, their body size increases
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dramatically with increasing elevation at Bd- sites, and only very gradually at Bd+ sites (6.5mm
vs. 1.4mm per 1,000m of elevation). In this case, Bd appears to have a larger sublethal toll at
higher elevations. While terrestrial animals experience lower average Bd growth rates at extreme
elevations, as animals inhabiting aquatic microhabitats, they are not as thermally buffered from
harsh temperature extremes. We found that adult P. marmoratum are more exposed to their
thermal tolerance limits at extreme high elevations (Fig. 5, Fig. S7), placing them at a fitness
disadvantage relative to the Bd pathogen (Cohen et al. 2017, 2019). Their failure to respond
phenotypically to high-elevation conditions could compromise their fecundity and survivorship,
and suggests that extreme elevations may compound rather than ameliorate the stress of Bd

infection for P. marmoratum adults.

CONCLUSION

Climate change will continue to drive range shifts, with many species expanding into colder and
more thermally-variable regions like the Vilcanota. It is important that we understand how the
stress of novel, frequently less optimal, habitats impacts host-pathogen systems, particularly in
the face of increasingly common emerging infectious disease challenges. In the case of
amphibian-Bd systems, hosts cannot escape this pathogen by range shifting upslope. Bd can
infect amphibians even at the edges of their physiological tolerances, although factors like
exposure to thermal variability may mediate infection outcomes. Bd has apparently undergone
frequent dispersal across the extreme elevation habitat of the Cordillera Vilcanota, with

transmission around this barrier not dependent on the formation of deglaciated dispersal
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corridors. 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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Figure 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
hillshaded 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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Lineage
© Vilcanota
e GPL HGPLI

GPL2.
unassigned

o CAPE

e ASIA3

e Hybrid/Undetermined
o ASIA2/BRAZIL

e ASJA1/CH

Figure 2. 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 (2). 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
based on previous studies (3—5) and is shown in the concentric mosaic. This tree is included with sample names and
the continent of swab origin in the supplements (Figure S 1).
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Figure 3. Principal component analyses (PCAs) of (A) global BdGPL samples, demonstrating how Bd sampled
from Pleurodema marmoratum in the Vilcanota is nested within the BIGPL-2, and (B) Vilcanota samples,
colored by watershed, showing their lack of genetic structure.
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Figure 4. The sublethal impacts of Bd exposure on 7. marmoratus tadpoles. (A) Linear mixed model of T.
marmoratus tadpole body condition (SMI) along the elevational gradient, displayed in separate panels for Bd-
positive and Bd-negative sites. (B) Linear mixed model of 7. marmoratus tadpole residuals of body size (SVL)
against Gosner stage, displayed in separate panels for Bd-positive and Bd-negative sites. These trends cannot be
attributed to systematic differences in the timing of sampling (Fig S 6D).
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Figure 5. 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 represents linear regression of maximal and minimal daily temperatures,
respectively. The black gradient represents the logistic growth rate (r) of a tropical Bd strain quantified
across temperatures by 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.
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