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Amphibian chytridiomycosis, caused by Batrachochytrium dendrobatidis (Bd), has been 
recognized as the infectious disease causing the most catastrophic loss of biodiversity 
known to science, with South America being the most impacted region. We tested 
whether Bd prevalence is distributed among host taxonomy, ecoregion, conservation 
status and habitat preference in South America. Here we provide a synthesis on the 
extent of Bd infection across South America based on 21 648 molecular diagnostic 
assays, roles of certain species in the epidemiology of Bd and explore its association 
with the reported amphibian catastrophic declines in the region. We show that Bd is 
widespread, with a continental prevalence of 23.2%. Its occurrence in the region shows 
a phylogenetic signal and the probability of infection is determined by ecoregion, pre-
ferred habitat and extinction risk hosts’ traits. The taxa exhibiting highest Bd occur-
rence were mostly aquatic amphibians, including Ranidae, Telmatobiidae, Hylodidae, 
Calyptocephalellidae and Pipidae. Surprisingly, families exhibiting unusually low Bd 
prevalence included species in which lethal chytridiomycosis and population declines 
have been described (genera Atelopus, Rhinoderma and Eleutherodactylus). Higher than 
expected prevalence of Bd occurred mainly in amphibians living in association with 
mountain environments in the Andes and Atlantic forests, reflecting highly favourable 
Bd habitats in these areas. Invasive amphibian species (e.g. Lithobates catesbeianus and 
Xenopus laevis) exhibited high Bd prevalence; thus we suggest using these as sentinels 
to understand their potential role as reservoirs, vectors or spreaders of Bd that can 
be subjected to management. Our results guide on the prioritization of conservation 
actions to prevent further biodiversity loss due to chytridiomycosis in the world’s most 
amphibian diverse region.
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Introduction

Amphibians (+8400 spp.; Frost 2021), are the most threat-
ened vertebrate group on earth and consequently have 
become one of the most representative examples of the 
current biodiversity crisis (Collins and Crump 2009). The 
chytrid fungus Batrachochytrium dendrobatidis (Bd), which 
causes the emerging infectious disease chytridiomycosis, 
has been increasingly recognized as an important driver 
behind alarming amphibian population declines and extinc-
tions across the world (Berger et al. 1998, Lips et al. 2006, 
Bielby et al. 2008, Scheele et al. 2019). Infecting all amphib-
ian orders (i.e. anurans, urodelans and gymnophionans), Bd 
has a wide range of hosts: so far evidence of infection comes 
from nearly 1400 species from all continents inhabited by 
amphibians (Olson et al. 2021). However, there is a large 
between- and within-species variability in susceptibility to 
Bd infection (Berger et al. 2016, Lips 2016) and there is an 
ontogenetic shift in the susceptibility to Bd infection dur-
ing metamorphosis (Van Rooij et al. 2016, Mesquita et al. 
2017). Although tadpoles and adults are usually equally sus-
ceptible to infection, they differ on susceptibility to disease 
(Van Rooij et al. 2016). In most species Bd infects tadpoles 
without developing clinical signs but may cause death after 
metamorphosis, while in other species Bd infection of larvae 
is associated with oral disc depigmentation and abnormali-
ties, and sometimes causing death (Berger 2016). In addi-
tion, in some cases previous pathogen exposure can increase 
survivability and resistance to Bd (Stice and Briggs 2010, 
Cashins et al. 2013, McMahon et al. 2014).

While many species are declining, some to the point 
of extinction, others persist with enzootic presence of Bd 
(Bielby et al. 2008, Berger et al. 2016). The relationship 
between Bd and amphibians is complex, with a wide variabil-
ity in population declines exhibited by different amphibian 
host species in response to Bd, and for which a phylogenetic 
signal has been demonstrated (i.e. phylogenetically related 
amphibians show similar patterns of chytridiomycosis sus-
ceptibility; Bielby et al. 2008, Baláž et al. 2014). Additionally, 
as not all areas are environmentally suitable for Bd persistence 
(e.g. Bd coldspots in cold and arid climates), a geographical 
non-random pattern in Bd distribution has been described 
in some regions of the world (Rödder et al. 2009, Liu et al. 
2013, James et al. 2015, Bacigalupe et al. 2017). Therefore, 
by studying the geographic and taxonomic distribution of Bd 
at the continental level, relevant information for disease pre-
vention and mitigation can arise, for instance through the 
recognition of hot and coldspots of pathogen occurrence; 
pathogen invasion routes; taxa playing important roles in 
disease epidemiology; and determination of groups of spe-
cies at greatest risk of decline or extinction (Lips et al. 2008, 
James et al. 2015, Bacigalupe et al. 2017, Scheele et al. 2019).

With over a third of the world’s amphibian diversity, South 
America has been particularly badly hit by chytridiomycosis 

(Bielby et al. 2008, Lips et al. 2008, Rödder et al 2009, 
Scheele et al. 2019). Several examples linking this emerging 
disease with severe population declines and extinctions have 
been reported in the region, notably the cases of the genera 
Atelopus (Ron et al. 2003, La Marca et al. 2005, Lampo et al. 
2006), Telmatobius (Barrionuevo and Ponssa 2008, Burrowes 
and De la Riva 2017) and Rhinoderma (Soto-Azat et al. 
2013b, Valenzuela-Sánchez et al. 2017). Also, few isolates 
of Bd have been genetically characterized in South America, 
with the hypervirulent Global Panzootic Lineage (BdGPL) 
being the most widespread genotype (Schloegel et al. 2012, 
Flechas et al. 2013, Rosenblum et al. 2013, James et al. 
2015, Jenkinson et al. 2016, Valenzuela-Sánchez et al. 2018, 
Burrowes et al. 2020). Based on whole genome sequencing of 
a global panel of Bd, O’Hanlon et al. (2018) revealed that a 
recent intercontinental expansion of BdGPL from East Asia 
occurred within the past century. A recent introduction of 
BdGPL into South America (Lips et al. 2008, Valenzuela-
Sánchez et al. 2018) coincides with the onset of amphibian 
enigmatic declines in this region beginning in the late 1970s 
(Lips et al. 2008, Soto-Azat et al. 2013a, Carvalho et al. 
2017). Also, a hypovirulent lineage of Bd in the Atlantic 
forests of Brazil, termed BdASIA-2/BdBRAZIL, has been 
shown to hybridize with BdGPL to create hypervirulent  
hybrid genotypes (Rosenblum et al. 2013, Rodriguez et al. 
2014, Jenkinson et al. 2016, Greenspan et al. 2018, 
O’Hanlon et al. 2018).

Despite a large number of studies focused on the presence 
of Bd in many sites of South America, there is a lack of a 
compilation collecting and analysing evidence about which 
amphibian clades and geographic areas currently show the 
greatest levels of Bd infection and, hence, potential amphib-
ian chytridiomycosis and population declines. Because of dif-
ferences in amphibian species’ susceptibility to infection, we 
expect that Bd prevalence is not randomly distributed among 
host taxonomy, ecoregion, conservation status and habi-
tat preference (aquatic versus terrestrial) in South America. 
Therefore, the goals of this study were to provide a general 
overview of the patterns of occurrence of Bd infection in wild 
amphibians in South America and explore its association with 
the amphibian catastrophic declines recorded in the region. 
We also examined available evidence of the importance of 
certain amphibian species having roles in the persistence and 
spread of Bd, in order to give recommendations for future 
research and mitigation strategies.

Methods

Bd database

We built a database of the Bd infection status of wild South 
American amphibians that had been tested for this patho-
gen using molecular diagnostic assays and which had 
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been sampled between 1 January 2000 and 31 April 2020 
(Supporting information). To this end, we carried out a lit-
erature search in Google Scholar and Web of Science, using 
the search term combination: (‘Batrachochytrium dendroba-
tidis’ OR ‘chytrid*’) AND (‘name’ of each South American 
country), to find scientific publications, grey literature and 
other sources providing relevant data. The bibliographies in 
all retrieved articles were screened for further relevant publi-
cations. Additionally, an unpublished data set of Bd quantita-
tive real-time PCR (qPCR) assays from Chile was included. 
For each reference obtained, the title was scanned; if rele-
vant, the abstract was read; and, if relevant, the full article 
was read. A filter for inclusion in the analysis was the diag-
nostic method used: only data obtained using standard PCR 
or qPCR as a means of Bd detection was included, due to 
their high sensitivity, repeatability, comparability and today’s 
widespread use (Scheele et al. 2019). Data based on museum 
specimens was not included as time and method of pres-
ervation can interfere with the likelihood of Bd detection  
(Soto-Azat et al. 2009).

Species, conservation status and geographic data

From each selected article, we obtained the name of each 
studied amphibian species, the latitude and longitude of the 
sampled population, the total number of individuals sampled 
and the number of individuals that tested positive for Bd. 
Hereafter we assume that an animal that tested positive for 
the pathogen was infected with Bd. Each species was assigned 
its preferred habitat (between aquatic and terrestrial) and 
conservation status, information that was obtained from the 
IUCN Red List (IUCN 2021). When a species was listed 
in both aquatic and terrestrial habitats, further information 
was examined, and the preferred habitat of adults was used. 
Finally, from each geographic coordinate record we obtained 
the level II ecoregion classification (Griffith et al. 1998). The 
conservation category 'extinct' was not included in further 
analyses as it only had one individual record (i.e. Atelopus lon-
girostris). Similarly, age status was not included in the analyses 
since the vast majority of records were from adults.

Statistical analyses

To reduce the heterogeneous distribution of the sampling 
effort and to increase the spatial independence between 
sites, all populations from the same species within 5.5 km 
of each other were grouped, summing up their numbers of 
Bd-positive individuals and total sample size and assigning 
the centroid of each grouped site as the new georeferenced 
location. This resulted in a reduction of the original database 
from 2224 to 1624 locality records, ranging from 1 to 458 
sampled individuals per site (median = 4). For operational 
purposes, the prevalence of Bd for each species per sampling 
site was quantified as the number of positives/total samples. 
As our final database (Supporting information) is highly dis-
parate in the evaluated total numbers of individuals, all anal-
yses were repeated using 1, 2, 5, 10, 20 and 30 individuals 

as the minimum sample size per species. Thus, the number 
of species considered when using those cut-off points was 
522, 458, 337, 254, 173 and 125, respectively (Supporting 
information).

We carried out weighted phylogenetic generalized least 
squares (PGLS) to evaluate the role of ecoregion, conservation 
status and habitat preference in the prevalence of Bd across 
species and sites. To account for phylogenetic relatedness, 
we used a time-calibrated phylogeny based on the hypoth-
eses of Jetz and Pyron (2018). Multiple sampled localities 
per species were included with branch lengths equal to zero 
(Felsenstein 2008). Prior to all analyses, Bd prevalence was 
arcsine square root transformed (details in Bacigalupe et al. 
2017). To control for the uncertainty surrounding estimates 
of Bd prevalence when sample sizes were small, we assumed a 
variance of 1/n2 around each estimate of prevalence, where n 
corresponds to the total number of individuals measured in 
each site per species.

We employed a model selection with an information–
theoretic approach (Burnham and Anderson 2002) to con-
trast the adequacy of the following five working hypotheses 
explaining the geographic occurrence of Bd in South America: 
1) null model with no predictors; 2) minimum model with 
habitat (aquatic versus terrestrial); 3) habitat + conservation 
status; 4) habitat + ecoregion; and 5) habitat + conservation 
status + ecoregion. Conservation status was transformed in a 
numerical variable with values ranging from 1 = least concern 
(LC) to 6 = critically endangered (CR) with increasing lev-
els of threat (i.e. 2 = near threatened (NT), 3 = data deficient 
(DD), 4 = vulnerable (VU), 5 = endangered (EN)). Because 
models included different fixed effects, Pagel’s λ was esti-
mated with restricted maximum likelihood in the minimum 
model (i.e. including only habitat) and set to the respective 
estimated value in subsequent model comparisons employ-
ing maximum likelihood (ML). All analyses were performed 
in R employing packages ape ver. 5.4 (Paradis et al. 2004; 
<https://cran.r-project.org/web/packages/ape/ape.pdf>), 
picante ver. 1.8.2 (Kembel et al. 2010; <https://cran.r-proj-
ect.org/web/packages/picante/index.html>) and nlme ver. 3.1 
(Pinheiro et al. 2020; <https://cran.r-project.org/web/pack-
ages/nlme/index.html>).

As Bd prevalence was not randomly distributed (Results), 
we used a randomization procedure to evaluate which fami-
lies, ecoregions, conservation status and habitats deviated 
from the average continental prevalence. For each category, 
we calculated a weighted continental mean to account for the 
highly different sample sizes, and a 95% confidence interval 
using a permutation procedure. Those levels within each cat-
egory that fell above or below the confidence interval were 
considered to have unusually high or low levels of Bd preva-
lence, respectively. Before the analyses, data for those species 
with more than one sampling locality was first pooled into a 
single species estimate of the number of Bd+ individuals and 
total sample size. This procedure was carried out for families, 
conservation status and habitats, and within each ecoregion 
(i.e. species that inhabit different ecoregion were considered 
as statistically independent). The confidence interval was 
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calculated as follows. First, for each of the evaluated cut-offs 
(above), the Bd prevalence of each species was calculated, 
and an n × 1 matrix was constructed, with species identity 
as rows and prevalence as the single column. Then, rows of 
that matrix were randomized with replacement and the aver-
age prevalence of that run was estimated. We repeated this 
procedure 10 000 times and estimated the 95% confidence 
interval of the null distribution of those means. All analyses 
were carried out using R base package ver. 3.6.3.

Results

Bd database

Our literature review resulted in 94 initial references, of 
which 73 met the required criteria for subsequent analyses 
(Supporting information). We obtained the results of 21 648 
individual Bd-specific molecular diagnostic assays, of which 
17 621 records were obtained from the literature and 4027 
corresponded to our unpublished data from Chile. A total of 
5019 individual samples showed evidence of Bd infection, 
giving an overall continental Bd prevalence of 23.2%. Samples 
came from all countries in South America but Paraguay, and 
all ecoregions except the Humid Chaco (Fig. 1). Details of 
Bd prevalence by families, ecoregions, conservation status 
and preferred habitat are shown in Fig. 2, Fig. 3 and  Fig. 4, 
respectively.

Data of Bd infection was obtained for 522 amphibian spe-
cies from 28 families (from a total of 30 present in South 
America), 519 of which were native and 3 were introduced 
species: the North American bullfrog Lithobates catesbeia-
nus, the African clawed frog Xenopus laevis and the whistling 
frog Eleutherodactylus johnstonei. Two introduced species (L. 
catesbeianus and X. laevis) and 342 native species showed evi-
dence of infection. Of the samples tested for Bd, 2594 were 
from tadpoles and 19 054 from postmetamorphic frogs. The 
taxonomic representation was also skewed at the family level 
for sample size, ranging from 1 (Ceuthomantidae) to 3714 
(Craugastoridae; Fig. 2).

Species, conservation status and geographic data

The use of six cut-off points for sample sizes did not produce 
different results, and therefore we only present the results 
using all the database (i.e. n ≥ 1; Supporting information) 
for the remaining analyses. As Bd prevalence showed phylo-
genetic structure (Pagel’s λ = 0.233, p < 0.001), the five eval-
uated models included the phylogenetic relatedness among 
species. The model selection procedure indicated that, from 
the five candidate models tested, the best one was the most 
complete, including habitat preference, conservation status 
and ecoregion, having a relative support of 100% given by its 
Akaike weight wi (Table 1). This result did not change when 
we used IUCN categories instead of the numeric variable 
we created (results not shown). Families exhibiting dispro-
portionally high (10) and low (12) prevalence of Bd relative 

to the background continental average are shown in Fig. 2. 
Prevalence was also affected by ecoregion, with eight and ten 
ecoregions having disproportionally high and low levels of Bd 
prevalence, respectively (Fig. 3). Conservation categories of 
highest threat (CR and EN) showed disproportionally lower 
levels of Bd prevalence, while VU category showed dispro-
portionally higher levels of Bd infection than the continental 
average (Fig. 4). As expected, in comparison with the con-
tinental average, terrestrial species have disproportionally 
lower levels of Bd prevalence while aquatic species show dis-
proportionally higher levels (Fig. 4).

Discussion

South America has experienced a devastating biodiversity loss 
due to amphibian chytridiomycosis, but although a consider-
able amount of Bd research has been conducted during the 
past decade, there has been no synthetic analysis linking Bd 
infection with amphibian host traits for this region. Using 
the results of > 21 000 molecular assays for the detection of 
Bd infection across South America, we found that probabil-
ity of infection is determined by host taxonomy, ecoregion, 
preferred habitat and extinction risk. These results identify 
where in South America and on which groups of species 
should future research and conservation efforts be focused.

Taxonomic pattern of Bd occurrence

Disproportionally high Bd prevalence
The taxa exhibiting high Bd prevalence were in most cases 
associated with aquatic environments (Fig. 2 and Fig. 4). 
For instance, Telmatobiidae, Ranidae, Calyptocephalellidae, 
Hylodidae and Pipidae are all highly dependent on aquatic 
habitats, making species within these families likely to have 
high contact rates with aquatic Bd zoospores in areas where the 
pathogen occurs (Bielby et al. 2008, Van Rooij et al. 2016). 
The high Bd prevalence found in Calyptocephalellidae and 
Telmatobiidae are of special concern because the vast major-
ity (> 80%) of the species within these families are declining 
and categorized as being at high risk of extinction (i.e. vul-
nerable, endangered and critically endangered; IUCN 2021). 
Recently, Alvarado-Rybak et al. (2021) described a lethal 
chytridiomycosis outbreak in postmetamorphic Chilean 
giant frogs Calyptocephalella gayi from a captive breed-
ing programme. Although many studies have described Bd 
infection in Telmatobius (63 spp.), only a few have provided 
evidence linking Bd infection with disease, mass mortali-
ties or population declines (Burrowes and De la Riva 2017). 
Chytridiomycosis due to Bd infection has been associated 
with mortality in T. pisanoi and T. atacamensis from northern 
Argentina (Barrionuevo and Mangione 2006) and in T. mar-
moratus in Peru (Seimon et al. 2007, Catenazzi et al. 2011). 
Also, the disappearance of two species of Telmatobius from 
the Upper Manu National Park in southeastern Peru has 
been linked with chytridiomycosis (Catenazzi et al. 2011). 
Burrowes and De la Riva (2017) studied nearly 600 wild 
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amphibians (museum and live specimens) from the cloud 
forests of Bolivia, and found an association between Bd infec-
tion and severe population declines since the 1990s, particu-
larly in Telmatobius spp.

Terrestrial frogs in the families Odontophrynidae and 
Phyllomedusidae also showed a high proportion of infec-
tion compared to the continental average; however, the small 
sample size in both groups prevented conclusions being 
made (Fig. 2). Other amphibian families exhibiting higher 

than expected prevalence of Bd infection were Hylidae, 
Brachycephalidae and Hemiphractidae. Species in these 
groups represent tropical and subtropical anurans, with a 
variety of life histories and reproductive modes, includ-
ing terrestrial and semiaquatic frogs. Particularly surprising 
is the high occurrence of Bd in Brachycephalidae (33.0%), 
a group of frogs with terrestrial habits that breed by direct 
development. Perhaps the high suitability of Bd identified 
in the humid tropical forests of southeastern Brazil, where 

Figure 1. Total sampled individuals across South America. The size of the circles is proportional to the numbers of individuals sampled. Red 
and green coloured circles represent Batrachochytrium dendrobatidis positive and negative sites, respectively.
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this group of frogs lives, helps to explain such unexpectedly 
high prevalence (James et al. 2015). Evidence of any impact 
of Bd infection at the population level among these taxa is 
scarce, but chytridiomycosis has been implicated in popula-
tion declines of the horned marsupial frog Gastrotheca cor-
nuta (Hemiphractidae) and of three species of Hyloscirtus 
spp. (Hylidae) treefrogs (Lips et al. 2006). Whether low 
or high Bd prevalence is indicative of relative resistance to 
infection or susceptibility to disease should be interpreted 
with caution, and when possible confronted with available 
evidence, population monitoring data and experimental 
studies (Scheele et al. 2014, Mesquita et al. 2017, Valenzuela-
Sánchez et al. 2017).

Disproportionally low Bd prevalence
The species within families identified with significantly lower 
than expected Bd prevalence were predominantly terrestrial 

(Fig. 2), including many with direct development. This is a 
situation that prevents these species from making frequent 
contact with aquatic habitats, and hence potentially high 
amounts of Bd (Fig. 4). Atelopus, however, live near small 
streams in the tropical wet forests and humid paramos 
of Central and South America, and they have aquatic lar-
vae, thus depending on water bodies for reproduction (La 
Marca et al. 2005). Within families with low Bd prevalence 
are Harlequin toads (Atelopus spp. (Bufonidae)), Darwin’s 
frogs (Rhinoderma spp. (Rhinodermatidae)) and coquis 
(Eleutherodactylus spp. (Eleutherodactylidae)). The first two 
are known to be highly threatened groups that have been 
severely impacted by chytridiomycosis (Lampo et al. 2017, 
Valenzuela-Sánchez et al. 2017). In Puerto Rico, Bd has 
been associated with the severe decline of E. coqui and E. 
portoricensis, and the presumed extinction of E. karlschmidti, 
E. jasper and E. eneidae (Longo and Burrowes 2010). Unless 

Figure 2. Prevalence of Batrachochytrium dendrobatidis (Bd) in amphibian host families from South America presented in a phylogenetic tree 
based on Jetz and Pyron (2018). Prevalence was calculated as the number of individuals positive for Bd/the total number of amphibians 
tested. The numbers next to each name show the total sample size for each family. The dashed line and grey band correspond to the conti-
nental mean and 95% confidence band, and the points represent the prevalence of each family. Families depicted in red and green show 
disproportionally higher and lower prevalence values than the continental average, respectively (details in Results). All silhouettes were 
obtained from phylopic (<http://phylopic.org/>). The Anura silhouette (Bufo gargarizans) was created by Steven Traven. The Caudata sil-
houette (Pseudoeurycea boneti) was created by C. Camilo Julián-Caballero. The Gymnophiona silhouette (Eocaecilia micropodia) was created 
by Nobu Tamura (vectorized by T. Michael Keesey).
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a population has undergone long-term Bd monitoring, this 
suggests not only that prevalence is not a good predictor of 
chytridiomycosis susceptibility, but also may reflect a biased 
sampling towards healthy animals (particularly in populations 
sampled only once), given the rapid mortality experienced by 
infected individuals of these groups (Valenzuela-Sánchez et al. 
2017). By using Bd prevalence together with Bd infection 
loads, two recent studies – one across amphibian hosts from 
the Atlantic forests of Brazil (Lambertini et al. 2021), and 
another in amphibian communities from several regions of 
the world (Greenberg et al. 2017) – have identified predictors 
of patterns of infection such as species life history, amphib-
ian richness, habitat use and climatic niche. With many spe-
cies having disappeared and others having suffered drastic 
declines across their whole distribution (from Costa Rica to 
Bolivia), the situation of genus Atelopus is possibly the most 
dramatic example of biodiversity loss due to an infectious dis-
ease (La Marca et al. 2005, Lips et al. 2008, Catenazzi et al. 
2011, Scheele et al. 2019). Of 94 Atelopus spp. listed in the 

IUCN Red List, 3% are currently categorized as extinct, 
69% as critically endangered and 13% as endangered (IUCN 
2021). Population crashes of Atelopus spp. were first recog-
nized in the 1980s in South America and in the 1990s in 
southern Central America, coincident with the hypothesized 
arrival and subsequent epidemic wave of Bd (Lips et al. 
2008). Severe chytridiomycosis-associated declines have been 
well described in A. chiriquensis, A. varius and A. zeteki in 
Panama and Costa Rica (La Marca et al. 2005, Lips et al. 
2006), and the combined effects of chytridiomycosis and 
climate change have been implicated in the disappearances 
of A. ignescens from Ecuador (Ron et al. 2003) and A. car-
bonerensis, A. mucubajiensis and A. sorianoi from Venezuela 
(Lampo et al. 2006). Believed extinct for 30 years, surviving 
populations of A. ignescens, A. longirostris and A. mindoensis 
have been recently rediscovered and individuals of the first 
two species translocated to a captive breeding programme 
in Ecuador (Tapia et al. 2017, Barrio Amorós et al. 2020). 
Contemporaneously, the golden toad (Incilius periglenes 
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Figure 3. Prevalence of Batrachochytrium dendrobatidis (Bd) in South America ecoregions (Griffith et al. 1998). Prevalence was calculated as 
the number of individuals positive for Bd/the total number of amphibians tested. The dashed line and grey band correspond to the conti-
nental mean and 95% confidence band, and the points represent the prevalence of each ecoregion. Ecoregions to the right of the confidence 
band showed disproportionally higher prevalence values than the continental average, while ecoregions to the left showed disproportionally 
lower values.
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[Bufonidae]) from Costa Rica became an iconic example of 
the amphibian biodiversity crisis (Collins and Crump 2009) 
with its extinction due to chytridiomycosis reported in 1989. 
While the effect of Bd on this species might have been exac-
erbated by climate change (Pounds et al. 2006), the role of 
climate in the decline of neotropical amphibian communities 
is still uncertain.

Native to southern Chile and Argentina, both species 
of Rhinoderma have undergone severe population declines 

(Soto-Azat et al. 2013a). Once abundant, R. rufum is 
thought to have become extinct around 1982, while R. dar-
winii has recently disappeared from much of its range (Soto-
Azat et al. 2013a). In both cases, chytridiomycosis due to Bd 
infection has been proposed as a driver of these population 
declines (Soto-Azat et al. 2013b). Studies of wild popula-
tions have found significantly reduced survival probabilities 
of Bd-infected versus Bd-uninfected frogs for A. cruciger in 
Venezuela (Lampo et al. 2017) and R. darwinii in Chile 
(Valenzuela-Sánchez et al. 2017). Lampo et al. (2017) esti-
mated that infected A. cruciger individuals were, on average, 
four times more likely to die during the study period (six 
years) than uninfected individuals. Similarly, Valenzuela-
Sánchez et al. (2017) used empirical evidence to model slow 
declines to extinction of infected R. darwinii populations in 
the absence of mass mortality and despite low Bd prevalence. 
There is experimental evidence that some terrestrial direct-
developing frog species lack adaptive responses against chy-
trid fungi when compared to species with aquatic larvae, 
possibly because the former are less likely to be exposed to 
such waterborne pathogens during their ontogeny (Mesquita  
et al. 2017).

Role of invasive species in the epidemiology of Bd

The high Bd infection prevalence exhibited by L. catesbeianus 
(44.2%) and X. laevis (29.9%) indicates that these species 
can act as important reservoirs of Bd (Schloegel et al. 2010, 
Soto-Azat et al. 2016). Originally from North America, L. 
catesbeianus is the most commonly farmed amphibian spe-
cies worldwide; intensive farming of this species also occurs 
in South America (Garner et al. 2006). For example, it has 
been estimated that 2000 bullfrog farms were operational 
in Brazil alone by 1988 (Schloegel et al. 2010). In South 
America, invasive populations of L. catesbeianus are known 
to be established in Venezuela, Colombia, Ecuador, Peru, 
Brazil, Uruguay and Argentina (IUCN 2021). Evidence 
for transmission of Bd between farmed L. catesbeianus 
and wild amphibians exists in Central and South America 
(Schloegel et al. 2010). Likewise, introduced L. catesbeianus 
has been found to be associated with an increase in Bd preva-
lence in Korean treefrogs (Borzée et al. 2017). Similarly, X. 
laevis is a widely distributed invasive species, often as a result 
of escapes or releases from research laboratories in which it 
has been widely used as a model for biological research since 
the early 1900s (Measey et al. 2012). In South America, 

Figure 4. Prevalence of Batrachochytrium dendrobatidis (Bd) for 
IUCN conservation categories and habitat prevalence (inset). 
Prevalence was calculated as the number of individuals positive for 
Bd/the total number of amphibians tested. In both plots, the dashed 
line and grey band correspond to the continental mean and 95% 
confidence band, and the points represent the prevalence of each 
IUCN category (left) and habitat (right). Points to the right of the 
confidence band showed disproportionally higher prevalence values 
than the continental average, while points to the left showed dispro-
portionally lower values. CR = critically endangered, EN = endan-
gered, VU = vulnerable, DD = data deficient, NT = near threatened, 
LC = least concern.

Table 1. Evaluated models for the prevalence of Batrachochytrium dendrobatidis (Bd) infection among amphibians in South America.

Modela K AICc ΔAICc wi LogLik

Null 2 7908.90 1591.57 0 −3952.45
Habitat 3 7126.47 809.14 0 −3560.23
Habitat + conservation 4 6845.28 527.95 0 −3418.63
Habitat + ecoregion 26 6522.31 204.97 0 −3234.71
Habitat + ecoregion + conservation 27 6317.33 0.00 1 −3131.18

Estimates of Bd prevalence are weighed for sample size n by specifying a heterogeneous variance = 1/n2. Pagel’s λ = 0.232 for all models, 
n = 1624. K = number of parameters. AICc: Akaike information criterion values corrected for small sample sizes. wi: Akaike weights (the 
probability that the model is the correct one of those tested).
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invasive populations are only known from central and north-
ern Chile (Soto-Azat et al. 2016, Mora et al. 2019). Tolerant 
to Bd infection, but resistant to chytridiomycosis, these two 
invasive species are important vectors of this pathogen, main-
taining and spreading Bd as they colonize new areas (Soto-
Azat et al. 2016, Borzée et al. 2017). Furthermore, both 
species have been implicated in the intercontinental spread of 
Bd (Garner et al. 2006, Schloegel et al. 2012, Carvalho et al. 
2017, Valenzuela-Sánchez et al. 2018).

Geographic distribution of Bd

We found a non-random geographic pattern of Bd infection 
across South America, with some ecoregions showing a par-
ticularly high occurrence of Bd (Fig. 1 and Fig. 3). Ecoregions 
showing significantly higher Bd prevalence in relation to the 
continental average were mainly located at moderate to high 
altitudes associated with the Andes and the Atlantic forests 
(e.g. central high Andes, Altiplano, Mediterranean Chile, 
Atlantic forests). Habitat suitability of Bd is largely dependent 
on temperature and water (Liu et al. 2013), and mountain-
ous areas have been identified of high environmental suit-
ability for Bd (Ron 2005, Rödder et al. 2009, Liu et al. 2013, 
James et al. 2015). This is coincident with most documented 
declines and extinctions attributed to chytridiomycosis in 
South America involving Andean amphibians (La Marca 
2005, Ron 2005, Lampo et al. 2006, Barrionuevo and Ponssa 
2008, Lips et al. 2008, Catenazzi et al. 2011, Soto-Azat et al. 
2013b, Burrowes and De la Riva 2017, Flechas et al. 2017, 
Lampo et al. 2017, Valenzuela-Sánchez et al. 2017). While 
amphibian population declines in the Atlantic Forests were 
initially not linked to chytridiomycosis (Eterovick et al. 2005, 
James et al. 2015, Becker et al. 2016, Lambertini et al. 2017), 
recently Carvalho et al. (2017) showed a spatiotemporal asso-
ciation between Bd and amphibian declines in this region.

In contrast, significantly low prevalence of Bd was associ-
ated with ecoregions at low altitudes, such as the Caribbean 
and Pacific lowlands, Amazon and coastal lowlands, Valdivian 
forests and Fuegian fjords (Fig. 3). Batrachochytrium den-
drobatidis was detected in all ecoregions where Bd analyses 
were available, apart from the Monte and Guianan highlands 
(Fig. 1 and Fig. 3). Although Mathie et al. (2018) analysed 
247 samples from the Kanuku Mountauns in south-western 
Guyana, no evidence of Bd infection was found. Similarly, 
an absence of Bd from an extensive survey in Suriname has 
been corroborated (Jairam 2020). The absence or low occur-
rence of Bd in large areas of the Amazon basin, Caribbean 
lowlands and the southern cone of South America represent 
coldspots of Bd (i.e. very low prevalence or absence of Bd; 
James et al. 2015, Becker et al. 2016, Carvalho et al. 2017, 
Bacigalupe et al. 2019). This might be because these areas 
contain unsuitable habitats for Bd or are protected by bar-
riers to its spread (e.g. remote areas with reduced human 
presence) or a combination of both (Lips et al. 2008). Only 
two (of 24) analysed ecoregions had small sample sizes (< 60 
records): Western dry Chaco (n = 3) and Monte (n = 11), a 
situation that prevents conclusions being drawn from those 

areas. Further investigation of the Bd status of amphibians in 
the under-surveyed areas is recommended to help understand 
the drivers of Bd as a conservation threat and on any factors 
limiting Bd establishment that might be relevant for conser-
vation management in South America and elsewhere.

Bd and conservation categories

The patterns of Bd prevalence in amphibian hosts according 
to their extinction risk should be interpreted with caution 
(Fig. 4). Only species in the vulnerable category exhibited 
a higher occurrence of Bd compared to the regional aver-
age. In contrast, species under the greatest risk of extinction 
(i.e. endangered and critically endangered) showed lower Bd 
prevalence compared to the continental average. It is possible 
that a lower occurrence of Bd may be masked by a bias sam-
pling towards healthy animals, following high mortality after 
Bd infection (Lampo et al. 2017, Valenzuela-Sánchez et al. 
2017). Also, it is possible that less threatened species (near 
threatened and least concern) are less likely to suffer declines 
due to chytridiomycosis, although they may play important 
roles maintaining and vectoring Bd to other sympatric species 
(Bacigalupe et al. 2017). For example, Scheele et al. (2016) 
demonstrated how the abundant and least concern Australian 
eastern froglet (Crinia signifera), which maintains a high Bd 
prevalence (78.7%) in the wild, acts as a competent patho-
gen reservoir for the endangered northern corroboree frog 
(Pseudoprhyne pengilleyi). Therefore, efforts to monitor Bd in 
species exhibiting high prevalence are recommended, either 
to evaluate the possible effects of chytridiomycosis on these 
species, or to assess their potential role in the maintenance 
and spread of Bd.

Conclusions

Evidence that chytridiomycosis is having a devastating 
effect on South American amphibians is overwhelming 
(Scheele et al. 2019). Our research focuses on taxonomic 
groups, ecoregions, habitats and conservation categories, 
to identify amphibian families playing key roles in the epi-
demiology of Bd, as well as some taxa and regions that are 
particularly at risk of the consequences of chytridiomyco-
sis. Our results guide research, such as identifying under-
surveyed areas (e.g. Guianan region, Orinoco Llanos, 
Gran Chaco, Monte-Patagonia), where further work is 
required if we are to understand the distribution of Bd in 
South America and the factors driving this. Efforts are also 
required to genotype Bd isolates from across South America 
to fill gaps in our knowledge of the genetic diversity of 
Bd and evolutionary history, and whether Bd lineages may 
influence Bd occurrence and impacts to amphibian popula-
tions (Azat 2021). Conducting long-term amphibian pop-
ulation monitoring and Bd infection surveillance is vital to 
assess the effects of chytridiomycosis. It seems also appro-
priate to target abundant species (native and invasive) as 
sentinels for Bd monitoring, and to identify Bd reservoirs, 
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vectors or spreaders that can be subjected to management 
(Scheele et al. 2014, Soto-Azat et al. 2016). Nevertheless, 
taxonomic groups showing low prevalence of Bd should 
not be disregarded, as some may be driven to extinction by 
chytridiomycosis even in the absence of obvious mortali-
ties (Lampo et al. 2017, Valenzuela-Sánchez et al. 2017). 
A better understanding of the patterns of Bd distribution, 
and the effects of the chytrid fungus on South American 
amphibians, will guide the prioritization of conservation 
actions to minimize further biodiversity loss in the world’s 
greatest amphibian megadiverse region.
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