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RESUMO 

Grande parte do declínio das populações de anfíbios no Brasil e em outros países tem base na 

disseminação do fungo quitrídio Batrachochytrium dendrobatidis (Bd). Como este fungo é um 

patógeno com ciclo de vida aquático, a maioria dos estudos sobre quitridiomicose foca em 

espécies de anfíbios com desenvolvimento larval em corpos d’água. Contudo, estudos recentes 

demonstram que anuros com desenvolvimento direto em ambientes terrestres carregam altas 

cargas de infecção e são altamente susceptíveis à quitridiomicose. Aqui testamos como fatores 

bióticos e abióticos impactam espaço-temporalmente a infeção por Bd e o risco de 

quitridiomicose em espécies de anfíbios anuros com desenvolvimento direto. Desenvolvemos 

o estudo na Reserva Biológica Municipal da Serra do Japi, onde amostramos sazonalmente 

prevalência e carga de infecção do fungo, além de variáveis ambientais ecologicamente 

relevantes tanto aos hospedeiros quanto à persistência de Bd. Cruzamos dados atuais de 

precipitação com médias históricas de precipitação de forma a observar possíveis desvios no 

padrão esperado de chuvas. A carga de infecção média de Bd atingiu seu valor máximo durante 

a estação reprodutiva, enquanto prevalência foi crescente durante todo o período amostrado. 

Nossas análises mostraram uma relação entre déficit de chuvas durante o período reprodutivo 

e o aumento da carga de infecção e mortalidade em anfíbios de desenvolvimento direto. A 

proximidade de corpos d’água também se mostrou um fator relevante para o aumento médio 

nas cargas de infecção. Além disso, variáveis espaciais como umidade da serrapilheira e baixas 

altitudes influenciaram positivamente a prevalência do fungo. Nossos resultados indicam que 

eventos de variabilidade climática podem agir como fatores estressantes, possivelmente 

afetando a resposta imune dos anfíbios e, consequentemente, aumentando sua susceptibilidade 

às doenças. Variações em padrões climáticos também podem intensificar movimentação de 

anfíbios com desenvolvimento larval aquático que atuam na transmissão do Bd de corpos 

d’água para hospedeiros exclusivamente terrestres (respingos de infecção). A observação de 

indivíduos mortos apresentando cargas de infecção extremamente altas sugere debilidade 

associada à quitridiomicose; evidenciando que a doença ainda é uma ameaça a anfíbios, mesmo 

em área enzoótica. Atuais mudanças em ambientes naturais podem levar a um aumento na 

frequência de eventos climáticos extremos, expondo anfíbios com diferentes hábitos de vida a 

patógenos. Desta forma, esforços de conservação devem levar em consideração risco associado 

à doenças em espécies menos resistentes.  

Palavras-chave: Batrachochytrium dendrobatidis, Anura, desenvolvimento direto, seca, 

sazonalidade.  



 

 

ABSTRACT 

The majority of the declines of amphibian populations in Brazil and other countries is based on 

the emergence of the chytrid fungus Batrachochytrium dendrobatidis (Bd). This fungus is a 

waterborne pathogen, and therefore most studies on chytridiomycosis focus on amphibian 

species with aquatic larval development. However, recent studies have shown that frogs with 

direct development in terrestrial environments carry high infection loads and are highly 

susceptible to chytridiomycosis. Here we test how biotic and abiotic factors affect Bd infection 

spatially and temporally, and the risk of disease in anuran species with direct development. The 

study took place at Biological Reserve Serra do Japi, where we carried out seasonal sampling 

of Bd prevalence and infection load, in addition to ecologically relevant environmental 

variables for both hosts and Bd persistence. We also compared precipitation data in the area 

with historical averages in order to observe possible variations in the expected rainfall pattern. 

Average Bd infection load reached its maximum value during the rainy season, while 

prevalence increased throughout the sampling period. Our analyses showed a relationship 

between rainfall deficit during the reproductive season and Bd infection loads/mortality event 

in anurans with direct development. The proximity of water bodies also showed a positive effect 

on the average infection load. In addition, spatial variables such as leaf litter moisture and lower 

altitudes positively influenced prevalence of the chytrid fungus. Our results show that events of 

climatic variability may act as stressors, possibly affecting the immune response of amphibians 

and, consequently, increasing their susceptibility to diseases. Variations in climatic patterns can 

also intensify movement of aquatic-breeding species that act as Bd carriers from water bodies 

to terrestrial species (spillover). Dead individuals with extremely high infection loads, suggest 

death linked to chytridiomycosis; showing that the disease is still a threat to amphibians in 

enzootic areas. Current changes in natural environments can lead to an increase in the frequency 

of extreme climatic events, exposing amphibians with diverse life cycles. Therefore, 

conservation efforts must take into account disease risk in less resistant species. 

Key-words: Batrachochytrium dendrobatidis, Anura, direct development, drought, 

seasonality. 
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GENERAL INTRODUCTION 

Amphibians have been suffering from discontinuity between terrestrial and aquatic habitats 

(Becker et al. 2007) and chytridiomycosis outbreaks; a disease caused by the aquatic fungus 

Batrachochytrium dendrobatidis (Bd) (Skerratt et al. 2007). Hundreds of amphibian species 

that show true terrestrial reproduction (direct development) are also in high threat categories 

according to the IUCN, suffering mainly from the loss of natural vegetation, combined with the 

narrow geographical distribution of species in this group (IUCN 2017). Batrachochytrium 

dendrobatidis (Bd) is a generalist fungal pathogen on amphibians that infects larval and adult 

frogs with different reproductive modes (Lips et al. 2003) and is considered to be the main 

factor in the decline of amphibians globally (Berger et al. 1998, Skerratt et al. 2007, Carvalho 

et al. 2017, Scheele et al. 2019). Bd presents a flagellate free life phase, called zoospore, which 

spreads through water bodies where it may come in contact with animals; after contact, the 

fungus takes on a sessile form of zoosporangium where it reproduces asexually (Berger et al. 

1998). The infection occurs in keratinized regions of the epidermis of adult amphibians and the 

oral apparatus in tadpoles, causing changes in gas exchange, ionic imbalance, hyper 

keratinization and, in the case of tadpoles, reduced feeding capacity (Voyles et al., 2007). 

Consequently, these changes tend to decrease fitness and may lead to host mortality (Burrowes 

et al. 2008, Garner et al. 2009, Venesky et al. 2009, Bovo et al. 2016). 

Chytridiomycosis is associated with large-scale amphibian declines in Brazil occurred 

mostly during the 1970s and 1980s in the Brazilian Atlantic Forest (Carvalho et al. 2017). 

During this period, rapid and significant reductions in anuran populations were concentrated 

along montains in the states of São Paulo, Minas Gerais, Rio de Janeiro (Heyer et al. 2013) and 

Espírito Santo (Weygoldt 1989). At least thirteen species of anurans were affected only in the 

Boracéia biological station (SP), in addition to those that were not sampled. Through a 

retrospective epidemiology study using specimens deposited in museums, Carvalho et al. 

(2017) found a spatial-temporal correlation between an increase in Bd infection rates and the 

historical declines of amphibian populations across the Atlantic Forest. Currently, the fungus 

has an enzootic distribution throughout the country, with low prevalences in the Cerrado, 

Caatinga, and the Amazon, whereas many amphibian populations have been reported to carry 

high infection prevalence in areas of the South and Southeast Atlantic Forest (Rodriguez et al. 

2014, Valencia-Aguilar et al. 2015, Becker et al. 2016a, Carvalho et al. 2017, Benício et al. 
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2019). Due to the high diversity of amphibians with different life histories and also both high 

prevalence and genotypic diversity of the Bd fungus (Jenkinson et al. 2016), Brazil’s Atlantic 

Forest is a key biodiversity hotspot in the study of chytridiomycosis. 

  Amphibians that reproduce in water bodies are naturally more exposed to the fungus in 

the environment because the pathogen has a flagelated/aquatic life cycle. Yet, direct-

developping species (i.e. species that during their life history do not present an aquatic larval 

phase), are also exposed to the fungus through sporadic contacts with water bodies (natural 

reservoirs of the fungus) or through direct transmission between individuals (Longo and 

Burrowes 2010). The few studies focusing on direct-developing anurans report low Bd 

prevalence in Brazil (Mesquita et al. 2017, Ruggeri et al. 2018), however the few infected frogs 

carry exceptionally high Bd zoospore loads (Gründler et al. 2012, Greenspan et al. 2018). In a 

controlled laboratory study, Mesquita et al. (2017) recently showed that, when experimentally 

exposed to the fungus, amphibians with direct development presented much higher zoospore 

loads and mortality rates when compared to amphibians with aquatic development. High 

mortality rates among amphibians with direct development may be linked to low prevalence in 

the wild, since infected individuals are possibly removed from the population due to lethal 

chytridiomycosis (Preuss et al. 2016). The differences in survival between amphibians with 

distinct life histories are probably associated with reduced adaptive responses against the 

pathogen among direct-developping frogs, since in their ontogeny, exposure to the fungus in 

aquatic reservoirs is not recurrent. 

Direct-developing amphibians are commonly threatened with extinction due to their 

high dependency on pristine terrestrial environments (mostly rainforests) and restricted 

geographical distributions (IUCN 2017), consequently they are also exposed to a lower 

diversity of parasites, which makes them more susceptible to emerging or resurgent generalist 

pathogens (Gervasi et al. 2017). Therefore, the combination of low resistance and tolerance can 

make them vulnerable to environmental changes that directly or indirectly affect the risk of 

exposure to the fungus. An alarming example is that disappearance of Holoaden bradei, a 

direct-developping species possibly extinct in the Atlantic Forest due to chytridiomycosis, as 

an increase in Bd infection rates in the Serra da Mantiqueira coincided with the disappearance 

of this endemic amphibian species (Carvalho et al. 2017). In this case, one of the hypotheses is 

that climatic or seasonal fluctuations may have facilitated the exposure of different amphibian 

populations to Bd in the wild (Carvalho et al. 2017). Factors such as prolonged drought can 

aggravate disease risk mainly because animals with different habits and levels of Bd 
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susceptibility concentrate around humid refugia during these dryer-than expected periods 

(Adams et al. 2017). It is noteworthy that certain abiotic conditions directly influence the spread 

of the fungus (Lips et al., 2003), however most studies address the low tolerance of Bd to 

temperatures above 25º C for optimal growth (Longcore et al. 1999, Whitfield et al. 2012, 

Voyles et al. 2017). Still, variables that can alter the local microclimate, such as vegetation 

density and litter density, must be taken into consideration (Becker et al., 2012). Conditions 

that affect the distribution, density and diversity of host amphibians also contribute to 

transmission in species with direct development (Becker et al. 2014, Kolby et al. 2015). The 

microbiome of each individual can also make a significant contribution to the disease, as recent 

studies point to the inhibitory effects of various bacteria on Bd growth (Bletz et al. 2013, 

Woodhams et al. 2015, Piovia-Scott et al. 2017). Accelerated climate change highlights the 

urgent need to understand host-pathogen interactions in amphibians with direct development in 

the wild through a spatiotemporal framework. This study aims to understand the effect of 

climate and microclimate variability on the risk of Bd infection and the fitness of a highly 

threatened and biodiverse group of tropical amphibians.  
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Abstract 

Climate change has been fueling disease outbreaks globally. One important climate-driven 

pathogen is the chytrid fungus Batrachochytrium dendrobatidis (Bd). Bd is associated with 

amphibian population crashes across several regions, with particularly devastating population 

declines in the Neotropics. Despite being a waterborne pathogen, recent studies have shown 

that direct developing anurans (i.e., species without tadpoles) are both less resistant and less 

tolerant to the fungus than aquatic breeding species (i.e., species with tadpoles). Here, we 

conducted a fine-scale sampling of Bd prevalence and infection load in direct-developing 

anurans throughout a landscape of Brazil’s Atlantic Forest to understand how disease dynamics 

respond to environmental forces throughout multiple seasons. We obtained environmental data 

including rainfall, temperature, proximity to streams, elevation and leaf litter moisture. We 

crossed monthly precipitation data during the sampling period with historical precipitation data 

(last six decades) to generate a temporal metric of rainfall deviation. We found higher Bd 

infection loads during the breeding (rainy) season. Conversely, Bd prevalence increased 

throughout the sampling period, peaking at 31 % during the last field campaign. During the 

breeding season, we recorded a local die-off of the pumpkin toadlet (Brachycephalus sp.), the 

most abundant of the focal species. These individuals showed average Bd infection loads three 

orders of magnitude higher than other Bd positive individuals of the same species, indicating a 

link between Bd infection and the observed die-off. Rainfall deficit predicted both Bd infection 

loads and individual apparent survival probability in our generalized linear mixed models. 

However, a one-month rainfall deficit lagged effect predicted higher Bd infection loads, 

whereas a two-month rainfall deficit lagged effect predicted higher individual apparent survival 

probability. These lagged effects could be due to stressing factors during dry periods affecting 

animal immune response to the fungus; where the fungus progressively develops on amphibian 

skin, occasionally leading to death after two months. Variations in climatic patterns can also 

intensify motility of aquatic species that act as Bd carriers from water bodies to exclusive 

terrestrial species (i.e, pathogen spillover). Proximity to water bodies also positively influenced 

Bd infection load, while leaf litter moisture positively influenced Bd prevalence. Our results 

indicate that rainfall deficit and micro-environmental conditions influence disease dynamics of 

direct developing anurans. Our data provide important information about host-pathogen 

dynamics and disease risk in a biodiverse and highly threatened vertebrate group in light of 

climate change. 
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Introduction 

A growing number of wildlife and human diseases have been linked to anthropogenic climate 

change (Epstein 2001, Reither 2001). Most of these studies focus on effects of temperature on 

disease emergence and transmission (Altizer et al. 2006, Elderd and Reilly 2014), but shifts in 

rainfall regimes may also trigger outbreaks (Ari et al. 2011, Morand et al. 2013). Shifts in 

rainfall and hydrology should influence animal habitat selection (vertebrates and invertebrates) 

with downstream impacts on direct transmission and encounters with environmental disease 

reservoirs (Burrowes et al. 2004). In addition, suboptimal environmental conditions may lower 

host immune capacity. Drying trends in moist tropical forests are expected to intensify within 

the next decades (Dai 2013, Fu et al. 2013, Jiang et al. 2019), with predicted negative outcomes 

for a large fraction of global biodiversity (Archaux and Wolters 2006, Clark et al. 2016).  

However, it still remains unclear how shifts in rainfall regimes will affect disease dynamics in 

animals with different life histories.  

Batrachochytrium dendrobatidis (Bd) is a waterborne pathogen and thus rainfall 

variability and extreme climatic events such as droughts and floods are expected to affect 

disease dynamics in tropical amphibians (Li et al. 2013, Walls et al. 2013, Ruggeri et al. 2018). 

The majority of frog population declines across the global tropics have been linked to the 

emergence of this chytrid fungus (Scheele et al. 2019). For example, El Niño years have 

triggered Bd outbreaks in Neotropical harlequin frogs (Rohr and Raffel 2010), even after 

accounting for the lack of spatiotemporal independence among sampling events (Rohr et al. 

2008). If we consider the impacts of climate change on the host, then it is expected that  

increased climate variability will negatively affect host immune capacity against Bd (Raffel et 

al. 2015, Greenspan et al. 2017). Therefore, deviations from historical rainfall and temperature 

averages (i.e., climate anomalies) should reduce host tolerance to infections possibly triggering 

new chytridiomycosis outbreaks in amphibians.  

Most reported amphibian declines attributed to Bd have involved aquatic-breeding 

amphibian species (Scheele et al. 2019). However, terrestrial-breeding frog species with direct-

development have been experiencing cryptic Bd-linked population declines and extinctions 

(Burrowes et al. 2004, Longo et al. 2013, Hirschfeld et al. 2016, Carvalho et al. 2017, Catenazzi 

et al. 2017) possibly attributed to droughts (Longo et al. 2010) and increased spatial aggregation 

and/or pathogen spillover in humid refugia (Burrowes et al. 2004, Jones et al. 2008, Becker et 

al. 2019). Terrestrial-breeding frogs respond behaviorally to subtle shifts in precipitation, even 
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just a few consecutive days without rain (Stewart 1995). Direct-developing species complete 

their life-cycle in the forest leaf litter and thus do not require access to water bodies to complete 

their ontogenetic development (Wells 2010), which often translates to low Bd prevalence in 

wild populations  (Ruggeri et al. 2018). This lack of regular contact with Bd in water bodies 

may preclude direct developing amphibians from developing immune responses against 

waterborne chytrids through the life cycle of individuals to evolutionary time scales (from 

individual to population levels). In agreement with this prediction, direct-developing amphibian 

species from Brazil experienced higher mortality rates than aquatic-breeding species when 

experimentally exposed to Bd (Mesquita et al. 2017, Neely et al. 2020). These recent findings 

indicate that shifts in rainfall could negatively affect populations of direct developing 

amphibians.  

Here we tested for spatiotemporal drivers of Bd infection in direct developing species, 

including rainfall, moisture, temperature, elevation, and microhabitat structure. We recorded 

Bd prevalence and infection load in two genera of direct-developing species over a full annual 

cycle in an upland area of Brazil’s Atlantic Forest. Given the temperature and moisture 

sensitivity of Bd, and growing evidence that Bd spillover from aquatic-breeding frogs may drive 

Bd dynamics in direct-developing species, we predicted an upsurge in Bd infection prevalence 

and loads during the thermally mild, rainy (breeding) season, when frogs are most active. Since 

Bd is a waterborne pathogen, we also expect a significant clustering of Bd-positive (Bd+) 

individuals near water bodies. Our surveys aligned with a summer drought, allowing for a 

particularly in-depth analysis of the possible links between rainfall anomalies and Bd infection 

dynamics in our focal direct-developing species. Combined, our results shed light on the 

emerging disease dynamics of enzootic host-generalist pathogens under projected climate 

change.  
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Methods 

Study site and species  

We conducted our study at the Reserva Biológica Municipal Serra do Japi, a 20,712-km² 

municipal biological reserve in the Atlantic Forest of the state of São Paulo, Brazil (-23.23°S, -

46.96°W, 600-1200 m a.s.l.). Due to its relatively high elevation, it is one of the largest 

remaining continuous forest in the state of São Paulo. The site has been a protected park since 

1983, following a long history of coffee cultivation (Morelatto 1992), but is now composed of 

a matrix of primary and secondary forests. Serra do Japi is a semi-deciduous tropical forest with 

well-defined seasonality: a cool, dry period (April to September) with an average temperature 

of 17 ºC and average rainfall of 72 mm/month and a warm, wet period (October to March) with 

an average temperature of 21 ºC and average rainfall of 194 mm/month (Leitão-Filho 1992). 

During the 1-year sampling period, average daily microclimate temperature varied from 14 °C 

during winter to 21 °C during the summer (Figure 1A). The maximum temperature recorded 

was 36 °C during summer and the minimum temperature was 5 °C during winter. Rainfall 

during the sampling period generally followed historical trends except for December, when the 

recorded rainfall fell to less than half of the last six decades monthly average (59-year mean = 

209 mm; 2018 mean = 101 mm; Fig. 1B) (Abatzoglou et al. 2018). 

The five species of direct-developing frogs (Brachycephaloidea) that occur at Serra do 

Japi are the pumpkin toadlet Brachycephalus sp. (Brachycephalidae; aff. ephippium), three 

species in the genus Ischnocnema (Brachycephalidae; I. cf. guentheri, I. cf. parva, and I. 

juipoca), and Haddadus binotatus (Craugastoridae), the least abundant of the five species 

(Ribeiro et al. 2005, Rocha et al. 2007). All of these species inhabit the forest leaf litter. 

Brachycephalus sp. is aposematic and diurnal (Rebouças et al. 2019). The genus Ischnocnema 

is composed of cryptic species that share similar crepuscular-nocturnal habits, reproductive 

season and environmental preferences (Ribeiro et al., 2005).   

  

 Study design  

We established 25 sampling plots spaced at least 100 m apart in primary and mature secondary 

forest. Each plot was a circular area of 15-m diameter totaling 700 m². Twelve plots were 

adjacent to water bodies (first or second order streams) and 13 plots were at least 70 m away 

from water bodies. We surveyed all plots approximately every 2 months from May 2018 to 
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May 2019, totaling six 10-day field campaigns. Our sampling began in the cool/dry season and 

extended through a warm/wet season and into the beginning of the next cool/dry season. We 

also selected 10 of the plots with variable vegetation cover and high frog density (five plots 

adjacent to water bodies and five distant from water bodies) to survey on three consecutive days 

within field campaigns two through six. Sampling on consecutive days was required for future 

studies on host survival probability using Bayesian modeling and also increased sample size on 

the current analysis.  

 

Sampling protocol  

To sample each plot, two observers searched for direct-developing frogs in the forest litter for 

one hour or until seven frogs were captured. Our search included turning the leaf litter over in 

order to find hidden animals. We placed each frog in a sterile plastic bag until processing for 

no more than two hours. We rinsed each frog with 15 mL of distilled water to remove debris 

then swabbed the skin following protocols described by Hyatt et al. (2007). We released all 

frogs at the point of capture. Swabs were stored on ice and transferred to a -20 °C freezer within 

4 h. We followed the same swabbing protocol for frogs that were found dead in the forest leaf 

litter. We calculated capture rate in each plot by dividing the number of animals captured by 

the survey duration (number of frogs/survey duration in minutes).  

 

Abiotic predictors of disease  

We used HOBO data loggers deployed at the center of each sampling plot to record the 

temperature of the leaf litter environment every 6 h during the entire duration of the study. We 

placed each data logger at least 10 cm below the litter surface in order to avoid direct sunlight. 

We used the logged temperatures to calculate average daily and monthly temperatures for each 

plot. We calculated deviation from historical average monthly temperatures during the course 

of the study based on local historical averages of the last six decades (Abatzoglou et al. 2018). 

During the last field campaign (May 2019), we measured leaf litter depth at 10 haphazardly 

selected points in each plot using a ruler. To estimate variation in litter moisture among 

sampling sites, we collected approximately 1 L of leaf litter at the center of each plot during the 

last sampling campaign. We, then, recorded leaf litter mass before and after drying in a drying 

oven and subtracted the dry mass from the original mass. Measurements of leaf litter moisture 
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and depth during the last field sampling allowed for a comparison of variation among sampling 

plots. We gathered daily rainfall records collected from a rain gauge located 3 km from the 

center of the study area (CIIAGRO - Centro Integrado de Informações Agrometeorológicas, 

2019), and calculated accumulated monthly rainfall. We calculated deviation from historical 

monthly rainfall during the course of the study based on local historical averages  (Abatzoglou 

et al. 2018). Because Bd typically exhibits an incubation period of a few weeks to a few months 

(Berger et al. 2005), which also applies to infection in direct-developing species (Mesquita et 

al. 2017, Greenspan et al. 2018, Ribeiro et al. 2019), we also calculated two lagged rainfall 

deviation metrics for each sampling day based on total rainfall deviation in the preceding one 

month (1-month lagged rainfall deviation) and two months (2-month lagged rainfall deviation). 

Specifically, for each month, we subtracted the historical average accumulated rainfall from the 

accumulated rainfall of the sampled month. Thus, negative values indicate dryer-than-average 

months while positive values indicate wetter-than-average months. We obtained elevation data 

for each sampling site based on geolocation using a Garmin 62s GPS unit.  

 

Pathogen quantification  

To extract DNA from skin swabs, we used the DNeasy Blood and Tissue kit (Qiagen, Valencia, 

CA, USA) following the manufacturer’s protocol with minor modifications including 

increasing the incubation time during the cell lysis stage to overnight. To quantify Bd infection 

load, we used Taqman quantitative PCR assays following Boyle et al. (2004) with synthetic 

standards ranging from 106 to 102 gene copies (Integrated DNA Technologies, Coralville, Iowa, 

USA). Our metric of Bd infection load is thus based on number of ITS copies rather than 

number of zoospore genomic equivalents. We ran plates in duplicate, with mismatching 

samples run on a triplicate plate, and only samples showing positive on 2 plates were recorded 

as positive. Bd loads were averaged across the duplicate plates. 

 

Statistical analyses and modeling 

Generalized linear mixed models 

We analyzed temporal Bd infection data for two highly abundant genera of direct developing 

frogs: 523 pumpkin toadlets (Brachycephalus sp.) and 225 frogs of the genus Ischnocnema (147 

I. cf. guentheri, 59 I. cf. parva and 19 I. juipoca). We grouped all three species of Ischnocnema 



21 

 

for analyses because these species exhibit similar environmental preferences relevant to disease 

dynamics.  Frogs in the genus Haddadus were excluded from our analyses because they were 

spatially clustered, encountered infrequently throughout our sampling (41 captures), and were 

rarely infected with Bd (n = 2). We determined temporal patterns of Bd prevalence and infection 

loads for Brachycephalus and Ischnocnema using binomial and Gaussian models, respectively. 

We used Generalized Linear Mixed Models (GLMM) with sampling site included as a 

random effect and accounting for temporal (Julian date) autocorrelation AR1 (package and 

function glmmTMB in Program R) (Brooks et al. 2017, R Core Team 2018). Specifically, we 

used binomial GLMMs (logit link) to test for the effects of environmental variables on Bd 

prevalence and used Gaussian GLMMs (log link) to test for the effects of environmental 

variables on Bd infection loads (log10-transformed ITS copy number; Bd+ individuals only). 

We included the following explanatory variables in the analyses and trimmed the full model for 

both prevalence and infection loads using a backwards stepwise procedure based on AICc: 

elevation, proximity to closest water body (adjacent vs. away), accumulated rainfall during each 

sampling month, rainfall and temperature deviation during sampling months (including 1-

month lagged and 2-month lagged deviations), monthly mean leaf litter temperature, leaf litter 

moisture, leaf litter depth, capture rate, and genus.  

We compared average infection loads of dead vs. live Bd+ individuals of 

Brachycephalus sp. using a non-parametric Wilcoxon test. Lastly, we tested for the independent 

effects of Bd infection loads and rainfall deviation (including both 1-month and 2-month lagged 

effects) on the proportion of dead Brachycephalus sp. during the course of field sampling while 

accounting for temporal autocorrelation (AR1) and sampling site (random effect) using a 

GLMM and binomial family.  
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Results  

Bd prevalence  

In both Brachycephalus and Ischnocnema spp., Bd prevalence varied throughout the sampling 

period (Figure 2A, B). Prevalence was consistently low through the cool/dry season, gradually 

increased through the warm/wet season, and peaked at 27 % (Brachycephalus sp.) and 41% 

(Ischnocnema spp.) at the beginning of the next cool/dry season. The most parsimonious 

GLMM explaining Bd prevalence included a positive effect of leaf litter moisture, a negative 

effect of elevation, and a significant effect of genus: Ischnocnema spp. presented higher overall 

Bd prevalence (Table 1).   

 

Bd infection loads  

Infection loads in sampled individuals ranged from 0.4 to over 800,000,000 ITS copies. During 

the cool/dry season (June–October), average infection loads decreased in Brachycephalus sp. 

(Figure 2C), while this trend was less pronounced for Ischnocnema spp. (Figure 2D). Average 

infection loads in both genera increased sharply during the warm/wet season (October–

December) and decreased to the lowest recorded loads at the beginning of the next cool/dry 

season (May; Figure 2C, D). The best predictors of Bd infection load were rainfall deviation 

(1-month lagged effect) and proximity to streams (Table 1). Larger deficits in rainfall during 

the month preceding sampling predicted higher Bd infection loads in Bd+ individuals (Figure 

3A). Average Bd infection loads were also higher among individuals captured adjacent to 

streams (Average = 31,889,175; SD = 179,027,932 ITS copies) than among individuals 

captured away from streams (Average = 322,668.2; SD = 1,590,603.3; Figure 3B). Genus was 

not a significant predictor of Bd infection loads, but when included in the best model, the effects 

of rainfall deviation (deficit) and proximity to streams remained statistically significant.  

 

Bd-induced mortality in Brachycephalus sp. 

We recorded nine dead or dying individuals of Brachycephalus sp. during our sampling period 

(Figure 6). Bd infection load was a strong positive predictor of mortality (β=0.977, Z=2.755, 

P=0.006; Figure 4), and the average Bd infection load of dead individuals (n=9; 

1,145,512±16SD ITS copies) was three orders of magnitude higher than the average infection 

load of live, Bd+ individuals (n = 71; 2,050 ± 80 SD ITS copies) (Z = 3.745, P < 0.001). 
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Mortality was concentrated in four days during the fifth sampling campaign (February 2019) 

and rainfall deviation (2 months lag) was a predictor of mortality (β = 0.015, Z = 1.909, P = 

0.056; Figure 5A-B); rainfall deviation (1-month lag) was not a predictor of survival (P = 

0.458). We found no support for shifts in frog capture rate adjacent vs. away from streams 

during the course of our sampling (Table S1; Figure S1). 
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Discussion 

Our findings highlight that direct-developing species could be particularly vulnerable to 

synergistic interactions between Bd and climatic anomalies. Specifically, we tested a suite of 

spatial and temporal variables as predictors of Bd infection dynamics in two genera of direct-

developing frogs in an upland area of Brazil’s Atlantic rainforest and found that both Bd 

infection intensity and mortality were correlated with rainfall deficit. This finding is consistent 

with previous studies of direct-developing Eleutherodactylus species in Puerto Rico, the only 

group of direct-developing frogs for which long-term data on population and Bd infection 

dynamics has been recorded (Burrowes et al. 2004). These results, combined, raise the 

possibility that the synergistic interaction between drought and Bd infection may be a dominant 

driver of the cryptic population crashes among direct-developing frogs that have occurred 

across disparate geographic areas (Burrowes et al. 2004, Longo et al. 2013, Hirschfeld et al. 

2016, Carvalho et al. 2017). We suggest that anthropogenic climate change may accelerate 

declines of a Bd-susceptible and biodiverse amphibian clade: the Brachycephaloidea which 

contains over 1,100 described species (Frost 2020) .  

 Our focal direct-developing species were more likely to be infected with Bd at higher 

levels of leaf litter moisture. Due to their terrestrial life-cycles, direct-developing species are 

infrequently in contact with permanent water bodies; thus, Bd exposure depends on 

transmission from moist leaf litter or direct contact with infected individuals (Longo et al. 2010, 

Kolby et al. 2015). Since Bd is a waterborne pathogen, leaf litter moisture also favors its 

maintenance in the microenvironment (Longo et al. 2010). Direct developers are likely to be 

more active under moist conditions when desiccation risk is relatively low. Co-occurring 

aquatic-breeding frogs are also more likely to forage and migrate under moist microclimatic 

conditions. This increased level of activity under moist conditions may increase the probability 

of direct developers coming into contact with zoospores recently shed by other frogs in the 

environment.  

Direct-developing frogs were also more likely to be infected with Bd at lower 

elevations. Our study landscape of Serra do Japi is a relatively high elevation area (738–1018 

m), where average daily litter temperatures (14–21 ºC) consistently varied within the optimal 

growth range for Bd (Piotrowski et al. 2004, Stevenson et al. 2013, Voyles et al. 2017, Muletz-

Wolz et al. 2019), which could explain why micro-environmental temperature was not a strong 

correlate of disease. While Bd infection is typically positively associated with elevation, a 
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pattern usually driven by temperature differences between warm lowlands and cool uplands, 

our study sites spanned a relatively narrow elevation gradient. Thus, the effects of elevation in 

our study were probably not driven by temperature. An alternative explanation is that drift of 

zoospores downstream created larger zoospore source pools at our lower elevation sites 

compared to our high elevation sites (Sapsford et al. 2013). Another possibility is that the 

thermal optima of our focal direct-developing species are relatively low and that temperatures 

at our lower elevation sites vary farther outside this optimum range compared to temperatures 

at our higher elevation sites, which could give the pathogen a competitive edge at warmer lower 

elevations (Cohen et al. 2017, Neely et al. 2020). In addition, plant communities at Serra do 

Japi shift dramatically above 870 m in response to the geological structure of the mountains 

(Rodrigues et al. 1989, Leitão-Filho 1992). Shifts in vegetation also correlate with changes in 

the amphibian community composition. Thus, another possible explanation for lower Bd 

prevalence at higher elevations is that parallel shifts in amphibian community composition 

could change spillover infection dynamics along the elevation gradient. 

We found that Bd loads among direct-developing frogs were higher in frogs sampled 

adjacent to streams. Our focal species carried the highest Bd loads during the wet summer 

season, a period when aquatic-breeding species congregate around streams for reproduction. 

Because Bd is a generalist pathogen, broadly infecting both terrestrial and aquatic species 

(Valencia-Aguilar et al. 2015, Becker et al. 2016b), these aquatic-breeding species are likely to 

be infected with Bd, with breeding aggregations forming a large source pool for infective 

zoospores (Longo et al. 2010, Becker et al. 2016b). In addition, recently metamorphosed frogs 

may also carry high Bd prevalence and may frequently shed zoospores in terrestrial habitats 

when dispersing (Kolby et al. 2015). Thus, the high infection levels observed in the focal 

terrestrial frogs near streams could have been driven by seasonal pathogen amplification 

through spillover from nearby aquatic-breeding frogs. This is consistent with the finding that 

terrestrial-breeding Brachycephalus pitanga acquired lethal Bd infections from neighboring 

aquatic-breeding species with mild Bd infections (Becker et al. 2019). While it is reasonable to 

predict that both Bd infection loads and prevalence would be higher near streams (see Figure 

3B) as a result of pathogen spillover, distance to stream was not a predictor of Bd prevalence 

in our study. Previous surveys during rainy seasons have frequently documented relatively low 

Bd prevalence among direct-developing frogs when infection loads were relatively high 

(Gründler et al. 2012, Ruggeri et al. 2018). This pattern could arise if a proportion of diseased 

frogs spend more time in hidden refugia and less time foraging, making them more difficult to 



26 

 

detect through visual surveys. Alternatively, we would also observe this pattern if infection is 

extreme, where most exposed individuals die quickly from chytridiomycosis.  

Direct-developing frogs were also more likely to carry heavy Bd loads when rainfall in 

the previous month fell below historical averages. Direct-developing frogs are sensitive to 

changes in rainfall and humidity because they largely depend on leaf litter moisture (as opposed 

to permanent water bodies) for hydration (Wells 2010). Thus, dry periods may rapidly impose 

physiological stress directly or indirectly through changes in behavior, such as reduced foraging 

to conserve moisture. These stressors may also weaken immune responses of direct-developing 

frogs, increasing the likelihood that Bd will become established after initial infection and 

promoting high rates of infection buildup (Kiesecker 2011, Rollins-Smith 2017). Moreover, Bd 

infection may exacerbate water stress by interfering with water absorption through the skin, 

potentially setting off a positive feedback loop of Bd infection and dehydration stress that 

further destabilizes the immune system (Voyles et al. 2012).  

Infection loads in direct developers could also increase in response to drought if frogs 

move to moist refugia to avoid desiccation. This could increase frog density in retreat sites and 

subsequently trigger Bd outbreaks through increased rates of direct pathogen transmission 

(Longo et al. 2010, Adams et al. 2017). We tested for changes in capture rate, a proxy for frog 

density, during the drought period at our stream-adjacent sites, which are expected to contain 

the highest density of moist retreat sites, but this model showed little support for links between 

drought, altered host spatial distribution, and infection loads. One caveat of this finding is that 

our survey methods may have limited our ability to detect frogs grouped in moist retreat sites. 

On the other hand, direct-developing species are likely non-migratory and usually move 

relatively small distances over the course of their life cycle (Guilherme Becker et al. 2019) . 

Thus, they may lack traits needed to locate and move to humid retreat sites that are distributed 

at spatial scales larger than their home ranges, especially when they are suffering from 

dehydration stress. Instead, they may be adapted to remain relatively stationary even when 

environmental conditions within the home range become temporarily suboptimal, leaving them 

particularly vulnerable to other threats including disease.  

We suggest that direct-developing frogs were able to manage the immediate fitness costs 

of drought stress when precipitation dipped below historical levels. However, it appears that 

this stress ultimately triggered increased buildup of Bd infections over the course of several 

weeks, to an extent that caused mortality two months after the spike in infection loads, 
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consistent with the typical incubation period for Bd in Brachycephalus and Ischnocnema spp. 

(Mesquita et al. 2017, Greenspan et al. 2018, Ribeiro et al. 2019). Our results align with the 

previous finding that disappearances of several Puerto Rican direct-developing species in the 

genus Eleutherodactylus were attributable to the combination of Bd infection and extended dry 

seasons in the 1970s and 1990s (Burrowes et al. 2004). 

Infection loads among dead individuals of Brachycephalus sp. were three orders of 

magnitude higher than among live Bd+ individuals. In addition, two dead individuals presented 

signs of chytridiomycosis including heavily sloughing skin, redness and anorexia. These 

findings, combined with recent experimental work focusing on Bd infection dynamics in 

Brachycephalus pitanga (Becker et al. 2019), strongly suggests that the mortality we observed 

in our study was driven by a local chytridiomycosis outbreak (Van Rooij et al. 2015). Recording 

Bd-induced amphibian die-offs in real time is extremely rare because mortality usually follows 

soon after disease signs are exhibited and dead frogs decompose or are consumed quickly. 

While we only directly observed mortality of Brachycephalus, a visually conspicuous bright 

orange species, Ischnocnema species are well camouflaged, which would dramatically reduce 

the likelihood of finding dead individuals in the wild. Thus, it is likely that the low number of 

dead individuals that we recorded represents a small fraction of the actual number of animals 

affected by the disease.  

During the last sampling campaign, we detected the highest Bd prevalence in 

combination with the lowest average infection loads, indicating widespread infection at the 

population level but low individual-level disease burdens. This pattern could arise if animals 

are able to survive initial infection followed by the development of acquired resistance to Bd 

over time. Alternatively, Bd could function as a selective pressure on populations of direct-

developing frogs if the most highly infected animals die, eventually producing populations with 

higher proportions of resistance traits. The high mortality rates of direct-developing frogs in 

laboratory Bd challenge experiments supports the latter hypothesis, but further research is 

needed to fully understand the selective forces shaping resistance to Bd among wild populations 

of direct-developing frogs (Mesquita et al. 2017, Greenspan et al. 2018, Ribeiro et al. 2019).  

Anthropogenic pressures across the planet are undeniably altering Earth’s climate 

(Fauchereau et al. 2003, Narisma et al. 2007, Loo et al. 2015). In Brazil, rapid deforestation in 

the Amazon rainforest is directly modifying rainfall patterns, including in the Atlantic Forest 

region (Arraut et al. 2012, Boers et al. 2017, Leite-Filho et al. 2019). Retrospective studies have 

linked several historical amphibian declines in the Atlantic forest to Bd, seven of which were 
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recorded in Brachycephalus and Ischnocnema populations (Carvalho et al. 2017). Alarmingly, 

the direct-developing Atlantic forest species Holoaden bradei was last seen in the wild in the 

late 1970s, coincident with a Bd upsurge in aquatic breeders (Carvalho et al. 2017) in the same 

mountain corridor during a period of global climatic variability (Malhi and Wright 2004, 

Pounds et al. 2006). While there has been little direct evidence for ongoing declines in the 

region, our study includes the first record of clinical chytridiomycosis in a natural environment 

in Brazil and raises the possibility that certain environmental conditions may continue to shift 

Bd dynamics in the Atlantic forest from enzootic to epizootic, despite the relatively long history 

of host-pathogen coevolution in this region (Rodriguez et al. 2014, Carvalho et al. 2017, Byrne 

et al. 2019). Our results suggest that direct developing frogs may routinely face relatively non-

threatening spikes in pathogen pressure in response to seasonal shifts in leaf litter moisture and 

pathogen spillover associated with the movement ecology of more vagile, co-occurring species. 

However, our findings also suggest a scenario in which drought, or other climatic anomalies, 

may intensify seasonal infection spikes, to an extent that may trigger epizootic Bd outbreaks. 

Susceptible animals such as direct-developing species may be on the front line of outbreaks, 

since they experience more intense disease burdens than other species.  

The combination of year-round Bd pressure and low resistance to the fungus (Mesquita 

et al. 2017) suggests that climatic conditions in this high-elevation area may be hovering just 

below a tipping point for Bd outbreaks among direct-developing frogs. Specifically, the genus 

Brachycephalus comprises at least six species putatively critically endangered and more than 

10 species listed as data deficient in conservation status assessment (Bornschein et al. 2019). In 

particular, one population of Brachycephalus sp. (the same species as in the present study; 

(Condez et al. 2020)) has not been observed in Pico das Cabras, a pristine mountaintop in the 

Atlantic rainforest (42 km away from Serra do Japi), since 1995 despite continuous surveillance 

in the area (LFT, unpublished data). We reinforce the need to further study disease dynamics 

of tropical terrestrial-breeding amphibian species, including their role in community-level 

disease dynamics and the impact of climatic variability on the persistence on this neglected and 

hyperdiverse amphibian group.  
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Table 1. Generalized Linear Mixed Models testing for environmental drivers of Bd 

prevalence and infection load in two genera of tropical direct developing anurans.  

Predictors Estimate Std. Error Z p 

Prevalence     

(Intercept) 8.432 2.965 2.844 0.004 

Genus (Ischnocnema) 0.705 0.312 2.259 0.024 

Elevation -0.014 0.003 -4.167 <0.001  

Leaf litter moisture 0.031 0.015 2.080 0.037 

Bd infection load     

(Intercept) 2.628 0.533 4.928 <0.001 

Rainfall deviation (1-month lagged) -0.013 0.005 -2.443 0.014 

Proximity to stream 0.742 0.375 1.980 0.047 

Prevalence: Sampling area: Variance=0.065, Times series: Variance=1.966, 

Corr(ar1)=0.79, N=748; Bd infection load: Variance=0.040, Times series: 

Variance=0.561,Corr(ar1)=0.81, N=114.    
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Figures legends 

Figure 1. Seasonal variation of daily average microclimate temperature (°C) of leaf litter 

across sampling sites during the course of this study (black line) and historical monthly 

average temperature (gray line) (A), Monthly rainfall (mm) during the course of this study 

(black line) and historical monthly rainfall 50 year averages (gray line) (B). During the 

beginning of summer (October-December/2018), there was a deviation on rainfall availability 

when compared to historical data. 

Figure 2. Direct developing genera Brachycephalus (A,C) and Ischnocnema (B,D), seasonal 

variation in Bd prevalence (A,B) and average Bd infection loads (C,D).  

Figure 3. Relationship between 1-month lagged rainfall deviation and Bd infection loads 

(log10-transformed) for both genera combined (A). Violin density plots showing the likelihood 

of different Bd infection loads when frogs were captured adjacent to streams and away (at 

least 70 m) from streams (B).  

Figure 4. Correlation between Bd+ pumpkin toadlets (Brachycephalus sp.) survival rate and 

Bd load (I.T.S. log10 transformed).  

Figure 5. Percentage of live individuals of Brachycephalus sp. during field samplings (A) and 

rainfall deviation (mm) - two months lagged period (B). 

Figure 6. Dead individual of Brachycephalus sp. found near a stream at Serra do Japi 

(Brazil). Dead individuals carried average Bd infection loads of 18,146,736 ± 42,215,558 SD 

ITS copies.  
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Figure 6. 
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Supporting information 

Direct developing species seasonal capture rate separated by distance to streams (Appendix 

S1).   

  



39 

 

Supporting information  

 

 

Appendix S1. Direct devleoping species capture rate throughout the sampling year for plots 

adjacent to streams (black line; cross represents average on each field campaign) and plots 

away from streams (gray line; circle represents average on each field campaign).   
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FINAL CONSIDERATIONS 

Here we present the effect of climatic variations and micro environmental factors on the 

risk of chytridiomycosis in direct-developing amphibian populations. Our analyses showed that 

spatial variables determined the prevalence of Bd, where lower elevations and litter moisture 

positively affected Bd presence in anuran populations. Regarding Bd infection load, we 

observed an influence of both spatial and temporal variables. In particular, there was a delayed 

effect of the infection after a month of drought during the reproductive season. This drought 

period also explained the mortality event of Brachycephalus sp. observed during our sampling. 

Thus, we described the first real-time record of chytridiomycosis in a natural environment in 

Brazil. 

Chytridiomycosis is still an imminent risk for amphibian species with different life 

histories and habitat requirements. In particular, we showed that shifts in micro-environmental 

conditions and climate have the potential to expose truly terrestrial species to an aquatic fungus. 

Amphibians with direct development comprise a significant biomass of anuran fauna in the 

Atlantic Forest. Still, most studies focus on aquatic species. Understanding the dynamics of this 

emerging disease is essential for identifying vulnerable groups for conservation actions.  
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