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ABSTRACT
Global amphibian declines have been attributed to several factors including the chytrid fungal pathogen, Batrachochytrium dendrobatidis
(Bd), that infects hosts’ skin and causes death by inhibiting immune response and impairing osmoregulatory function. Here, we integrate
extensive new ﬁeld data with previously published locality records of Bd in Colombia, a megadiverse and environmentally heterogeneous
country in northwestern South America, to determine the relative importance of environmental variables and reproductive mode for
predicting the risk of Bd infection in amphibians. We surveyed 81 localities across Colombia and sampled 2876 individual amphibians
belonging to 14 taxonomic families. Through a combination of end-point PCR and real-time PCR analyses, Bd was detected in 338 individuals (12%) representing 43 localities (53%) distributed from sea level to 3200 m. We found that annual mean temperature and variables related with seasonality in precipitation and temperature appeared to deﬁne the most suitable areas for the establishment of the
pathogen. In addition, prevalence of infection appeared to be higher in species with a terrestrial reproductive mode. Our study provides
the ﬁrst large-scale study of the current and potential distribution of Bd in the biodiversity hotspot centered on Colombia. We hope the
newly provided information on the extent of the distribution of the pathogen and the potential areas where Bd may impact the amphibian fauna will inform decision making by environmental authorities and future conservation action.
Abstract in Spanish is available with online material.
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AMPHIBIANS

HAVE EXPERIENCED DRAMATIC DECLINES IN MANY AREAS

OF THE GLOBE, WITH AT LEAST TWO HUNDRED SPECIES SUFFERING
MAJOR POPULATION DECREASES (Stuart et al. 2004, Hoffman et al.
2010). Population declines and extinctions have been attributed
to several factors including habitat loss, increased ultraviolet radiation, chemical pollution, overexploitation, and epizootic diseases
(Alford & Richards 1999, Blaustein & Kiesecker 2002, Collins &
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Storfer 2003, Hof et al. 2011, Martel et al. 2013, Price et al. 2014,
Tarvin et al. 2014). The latter threat arises principally from
emerging fungal and viral pathogens, including Batrachochytrium
dendrobatidis (hereafter, Bd), B. salamandrivorans, and viruses of the
genus Ranavirus. Although chytrid fungi rarely attack vertebrates,
Bd is the known etiological agent of the amphibian disease,
chytridiomycosis (Berger et al. 1998, Daszak et al. 2003, Fisher
et al. 2012). Single-celled Bd attacks the superﬁcial keratinized
areas of the skin of juvenile and adult amphibians, and the
mouthparts of tadpoles (Longcore et al. 1999). Bd then reproduces asexually inside dermal skin cells, impairing the
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osmoregulatory function of the skin (Voyles et al. 2009, Campbell
et al. 2012) and affecting the host’s immune response (Fites et al.
2013).
Bd-related declines were ﬁrst noted in tropical areas (Lips
et al. 2006), especially montane sites (Bradford 1991, Wake 1991,
Laurance et al. 1996, Berger et al. 1998, Lips 1998). Bd thrives at
cool temperatures between 17 and 25°C but cannot tolerate desiccation at any point in its life cycle (Piotrowski et al. 2004). Both
characteristics may explain, in part, why chytridiomycosis appears
particularly problematic for mid- to high-elevation populations
(Daszak et al. 1999) and for riparian species (Daszak et al. 1999,
Lips et al. 2003, Woodhams & Alford 2005, Kriger & Hero
2007). In addition, amphibians inhabiting higher elevations may
be more susceptible to chytridiomycosis due to reduced or suppressed immune responses at lower ambient temperatures, where
thermoregulatory opportunities are restricted (Carey et al. 1999).
Although most research on amphibian declines has focused on
montane environments, a growing body of evidence suggests that
Bd may also be widespread in lowlands (Heyer et al. 1988, Kilburn et al. 2010, Flechas et al. 2015) and causing population declines (Whitﬁeld et al. 2007, 2012). However, these events are rarely
observed in tropical lowlands.
Two main approaches have been used to understand the
presence and prevalence of Bd around the globe. The ﬁrst
approach seeks to explain the taxonomic variation among hosts
in Bd prevalence and in amphibian declines by looking at hostspeciﬁc traits to understand why some amphibians readily succumb to chytridiomycosis, while other species may act as asymptomatic carriers (i.e., reservoirs) of the pathogen. For example,
close association with water bodies has been linked with
increased vulnerability to the disease (Lips et al. 2003, Hero et al.
2005, Bielby et al. 2008). In addition, various studies suggest that
variation among amphibian hosts in their response to Bd infection has a phylogenetic component (Hero et al. 2005, Bielby et al.
2008, Guayasamin et al. 2014). Within a single community or
locality, however, declines may be random with respect to shared
evolutionary history among host species, and affect a subset of
species within each taxonomic family (Crawford et al. 2010).
Thus, the phylogenetic patterns may be confounded with geographic distribution or environmental variables.
The second approach to understanding the distribution of
Bd and chytridiomycosis seeks to explain spatial variation in Bd
prevalence by considering climatic parameters to predict the
probability of Bd presence through abiotic climatic envelope modeling (Peterson 2001). Previous studies have shown that temperature may account for a large fraction of among-locality variation
in the prevalence of the pathogen (Puschendorf et al. 2009, Rohr
& Raffel 2010), as expected given the thermal biology of Bd (Piotrowski et al. 2004, Woodhams et al. 2008), i.e., cooler temperatures promote the growth of the pathogen to the detriment of
the host (Russell et al. 2010). In the ﬁeld, however, Bd may be
affected by the interaction of multiple environmental factors,
especially in climatically heterogeneous regions.
In Colombia, recent reports have begun to shed light upon
the extent of Bd prevalence, but these studies have been restricted

in geographical scope (Ruiz & Rueda-Almonacid 2008, Velasquez-Escobar et al. 2008, Urbina & Galeano 2011, Flechas et al.
2012, 2015, Vasquez-Ochoa et al. 2012, Acevedo et al. 2016a,b).
Colombia harbors the second most diverse amphibian fauna in
the world (AmphibiaWeb 2016) and is also host to the recently
evolved strain of Bd known as the global panzootic lineage
(GPL) (Flechas et al. 2013, Rosenblum et al. 2013). Despite these
recent reports, little is yet known about the geographic distribution of the pathogen or the spatial extent of disease. Given these
gaps in our knowledge, we have undertaken a broad survey of Bd
in wild amphibian populations using non-invasive molecular techniques. Moreover, because differences in susceptibility may be
due to characteristics of the host or of the environment, we used
natural history traits of the host along with spatial climatic
parameters to predict the probability of Bd presence. Speciﬁcally,
we tested (1) whether amphibian species breeding in close association with water are more likely to carry Bd, and (2) whether climatic variables inﬂuence the probability of Bd occurrence. The
performance of predictive models is known to depend on the
natural range of variation of the predictor variables. The extreme
environmental heterogeneity presented by our sampling sites
across Colombia, including lowland sites, should thus improve
the chances of identifying biologically relevant predictors for Bd
presence in the country.

METHODS
FIELD SAMPLING.—In this study, six research teams obtained
2876 swab samples from 81 localities (Fig. 1, Table S1), particularly, in Andean areas, where the majority of amphibian species are found (Lynch et al. 1997). Swabbing protocols in the
ﬁeld were standardized among the surveying teams following
the protocol by Hyatt et al. (2007). To determine infection status, adult and post-metamorphic juvenile amphibians were sampled during diurnal and nocturnal surveys between June 2007
and February 2012 using visual and acoustic searches. Whenever possible, several microhabitats were surveyed within each
locality, including streams, ponds, open areas, and forests. To
avoid cross contamination, animals were collected using clean,
decontaminated equipment, individually handled with fresh disposable gloves, and placed in new plastic bags prior to obtaining skin samples. Each animal was sampled by running a
synthetic cotton swab (MW100; Medical Wire & Equipment,
Corsham, UK) ten times over the drink patch, the inner thigh
area, and the plantar surface of the hind feet webbing for a
total of 50 strokes (Hyatt et al. 2007). Skin swabs were preserved in the ﬁeld either in 96 percent ethanol or dry and
then stored at 20°C until processing. To avoid repeated sampling of the same individual, all frogs were left in plastic bags
for up to 6h during sample collection and released upon completion of each local survey. At eight localities, a subsample of
frogs was collected as voucher specimens and tissue samples
to conﬁrm ﬁeld identiﬁcations through morphological and
molecular taxonomic procedures. Results of DNA barcoding
surveys are published in Guarnizo et al. (2015).

Distribution of Bd in Colombia

3

of doubly distilled DNA-free water, 6 lL of GoTaq Green
Master Mix (1X; Promega, Madison, Wisconsin, U.S.A.), and
2 lL of the DNA extraction. Ampliﬁed fragments were separated by electrophoresis in 1 percent agarose gels. For qPCR, we
followed the recommendations of Hyatt et al. (2007) and Boyle
et al. (2004). DNA was extracted using PrepMan Ultra (ThermoFisher Scientiﬁc, Waltham, Massachusetts, U.S.A.). Each real-time
PCR reaction consisted of 0.8 lL (18 lM) of each primer ITS1
(50 -CCTTGATATAATACAGTGTGCCATATGTC-30 ) and 5.8S
(50 -AGCCAAGAGATCCGTTGTCAAA-30 ), 10 lL of TaqMan,
1.0 lL (5 lM) of MGB Probe, 2.0 ll Exo IPC mix, 0.4 ll Exo
IPC DNA (ThermoFisher Scientiﬁc), and 5.0 lL of the DNA
extract. Ampliﬁcation conditions consisted of 2 min at 50°C,
15 min at 95°C followed by 50 cycles of 15 sec at 95°C, and
1 min 60°C. Products were run on a BIO-RAD CFX96 PCR
machine (Hercules, California, U.S.A.) and a BIO-RAD DNA
Engine with CHROMO 4 Alpha block assembly.

FIGURE 1. Sampled localities in Colombia. Black dots represent localities
that included at least one amphibian that tested positive for Batrachochytrium
dendrobatidis (Bd). White dots represent sampled localities where Bd was not
detected. Eighty-one localities were surveyed and Bd was detected in 43 localities in altitudes ranging from 0 to 3200 m.

DIAGNOSING BD INFECTION.—Our study integrated efforts from
several research groups, which led to the use of two techniques
to diagnose Bd infection: end-point PCR and real-time PCR (i.e.,
quantitative or qPCR). Most of the samples were analyzed at
Universidad de los Andes in Bogota using either diagnostic techniques. A total of 94 samples from Choc
o were diagnosed at
Universidad Nacional de Colombia sede Palmira using qPCR. We
ran end-point PCR tests on samples from 13 localities above
1000 m in elevation and from 23 localities under 1000 m. We
conducted qPCR on samples from 29 localities above 1000 m in
elevation and on samples representing 16 localities under
1000 m. For end-point PCR, DNA was extracted using GeneReleaser (Bioventures Inc., Murfreesboro, Tennessee, U.S.A.).
We used the following primers developed by Annis et al. (2004)
to amplify the ITS1-ITS2 region in Bd: Bd1a (50 -CAGTGTGC
CATATGTCACG-30 ) and Bd2a (50 -CATGGTTCATATCTGTC
CAG-30 ). Ampliﬁcations were performed using an MJ Research
Peltier Thermal Cycler (PTC-200; Hercules, California, U.S.A.), as
follows: an initial 2 min denaturation at 95°C, followed by 35
cycles of DNA ampliﬁcation (45 sec at 95°C, 45 sec at 55°C,
and 1 min at 72°C), and a ﬁnal extension at 72°C for 10 min.
Each reaction consisted of 0.5 lL of each primer (1 lM), 3.0 lL

REPRODUCTIVE MODES AND BD PRESENCE.—The degree of water
dependence during an amphibian’s lifetime varies with the reproductive mode of the species, and those with aquatic reproductive
strategies appear to be more susceptible to decline (Bielby et al.
2008). Following Crump (1974, 2015) and Duellman and Trueb
(1986), we categorized our study species into four reproductive
modes: (1) eggs and feeding tadpoles living in lentic water
(N = 1164 individuals in 49 species); (2) eggs in foam nests with
aquatic feeding tadpoles (N = 179 individuals in 19 species); (3)
terrestrial eggs and aquatic feeding tadpoles (N = 554 individuals
in 46 species); and (4) terrestrial eggs that hatch into froglets
(N = 979 individuals in 98 species). Prior to performing a chisquare test, we reclassiﬁed these reproductive modes in two
broad categories: (A) Aquatic, including reproductive modes 1–3
(N = 1897 individuals in 114 species), and (T) Terrestrial including reproductive mode 4 (N = 979 individuals in 98 species). We
estimated prevalence of infection and 95 percent Bayesian credible intervals (CIs) using the ‘pwr’ (Champley 2015) and ‘binom’
(Dorai-Raj 2014) packages in R v. 3.1.2 (R Development Core
Team 2008).
PREDICTING BD PRESENCE USING SPECIES DISTRIBUTION
MODELS.—Species distribution models (SDMs) allow for predicting geographic distributions based on data about an organisms’
presence combined with a set of environmental layers. To predict
which areas within Colombia present abiotic environmental conditions suitable for Bd, we built an SDM based on geographic
localities that tested positive for the pathogen. In order to minimize bias due to spatial clustering of presence localities (Peterson
et al. 2011), we randomly selected and removed 80 percent of
points in two regions with numerous geographically proximal
presences (i.e., Norte de Santander and Choc
o departments for
which 14 and 2 localities were removed, respectively). The
remaining points were at a minimum distance of 5 km from each
other. Thus, we were left with 42 Bd-positive localities for model
construction, including 32 localities representing new locality
records in Colombia plus ten published localities based on
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histology (Ruiz & Rueda-Almonacid 2008, Velasquez-Escobar
et al. 2008) or PCR (Urbina & Galeano 2011, Flechas et al. 2012,
Vasquez-Ochoa et al. 2012, Acevedo et al. 2016a,b). We limited
our study to Colombia which encompasses a tremendous variety
of environments that can be considered representative of at least
some of the environments found in neighboring countries that
might share the same or closely related strains of Bd. Furthermore, almost no surveys on chytrid presence exist in the eastern
lowlands of Colombia (Llanos Orientales) or the Colombian
Amazon, except two Bd-negative localities sampled in Casanare
(Table S1). Since undersampled areas may bias the SDM output
(Barbet-Massin et al. 2012), we decided to exclude these areas
from our study. Thus, we recognized that with limited geographic
coverage, our models may be underpredictions, but as our environmental sampling was relatively wide, we expected this underprediction to be minor.
Our environmental variables consisted of the 19 bioclimatic
variables obtained from the WorldClim data base (Hijmans et al.
2005). These variables are derived from just two types of climatic
data, temperature and rainfall, which are spatially correlated (Xu
& Hutchinson 2010). We extracted values for all 19 variables
from 10,000 random points over the study landscape and performed a two-tailed Spearman correlation test between all pairwise combinations of variables. We considered pairs of variables
with a correlation coefﬁcient ≥ 0.75 as containing a redundant
variable. For each pair of redundant variables, we preferred to
remove those variables that (a) were more often correlated with
additional variables, (b) related to averages rather than extremes,
or (c) were regarded as less relevant to host or pathogen biology.
The new dataset of ten variables included the following: annual
mean temperature (AMT, BIO1), precipitation seasonality (PS,
BIO15), precipitation of wettest quarter (PWeQ, BIO16), mean
diurnal temperature range (MDTR, BIO2), isothermality
(IT, BIO3), temperature seasonality (TS, BIO4), mean temperature of warmest quarter (MTWaQ, BIO10), annual precipitation
(AP, BIO12), precipitation of driest month (PDM, BIO14), and
precipitation of warmest quarter (PwaQ, BIO18).
The models were ﬁt using a machine learning algorithm
implemented in MAXENT 3.3.3 (Phillips et al. 2006) based on 80
percent of the data for model construction and 20 percent for
model testing (Phillips & Dudık 2008). We used the area under
the curve (AUC) (Phillips et al. 2006) to measure the predictive
accuracy of the model in terms of sensitivity and speciﬁcity.
AUC values generally range from 0.5 (prediction no better than
random) to 1 (perfect discrimination) (Fielding & Bell 1997). For
easier interpretation of estimated probabilities of occurrence, we
present the predicted distribution of Bd as a binary map of
presence/absence. For this, we selected as our threshold the
lowest prediction for training data above the 10th percentile
(T10, Pearson et al. 2007), i.e., selecting the lowest prediction
after eliminating 10 percent of the points as a correction for
potential sink populations and georeferencing errors (BarbetMassin et al. 2012). Climatic preferences of Bd were inferred by
extracting values of our ten bioclimatic variables from 10,000
random points from the binary map and comparing the values

of those taken from sites predicted as suitable versus those predicted as unsuitable.

RESULTS
We surveyed 81 localities for Bd and found 2876 individual amphibians comprised 2812 frogs and toads, 63 salamanders, and one caecilian (Table S2). The sampling represented 14 taxonomic families
and included 170 identiﬁed species plus 49 unidentiﬁed morphospecies (recorded as ‘sp.’). Bd was detected in 43 localities in altitudes
ranging from 0 to 3200 m (Fig. 1). A total of 338 (11.7%) individuals from 70 species (47 identiﬁed species plus 23 undetermined but
unique sp.) in 12 taxonomic families tested positive for the pathogen (Fig. 2). Bd was diagnosed through end-point PCR (N = 1743
swabbed amphibians with 257 positives for a prevalence = 14.7%,
CI = 13–16%) and qPCR (N = 1133 animals including 81 positives for a prevalence = 7.14%, CI = 5.0–8.0%).
The chytrid fungus was detected on frogs with reproductive
modes ranging from total independence from standing water
bodies to species that lay eggs in water where the tadpoles remain
until metamorphosis. Thirteen salamanders (genus Bolitoglossa)
were diagnosed as Bd positive. We found signiﬁcant differences
between species with terrestrial and aquatic reproductive modes,
with the highest proportion of infected individuals in species with
terrestrial reproductive strategies (P < 0.001). Fifteen percent (CI
= 12.9–17.5%) of individuals with terrestrial reproductive mode
were diagnosed as Bd positive, versus 10 percent (CI = 8.7–
11.4%) of individuals with aquatic reproductive modes.
According to the SDM, the potential distribution of Bd in
Colombia is broad, and, although predicted absences are more
frequent at lower altitudes (~0–300 m), Bd presence is predicted

FIGURE 2. Number of infected individuals per taxonomic family of amphibian. Red bars denote the number of individuals that tested positive for Batrachochytrium dendrobatidis (Bd). Blue bars denote the number of individuals for
which Bd was not detected. Bd was detected in 338 of 2876 individuals sampled. Asterisks denote families with terrestrial reproductive mode.
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FIGURE 3. Species distribution model (SDM) of Batrachochytrium dendrobatidis (Bd) in Colombia. (A) Habitat suitability map, where warmer colors represent higher
suitability and colder colors denote habitat with less suitable areas for Bd. (B) Binary presence–absence map obtained by using the T10 threshold method such
that observed presence localities are ranked according to suitability scores and the minimum suitability for a presence site is identiﬁed (excluding the lowest 10%
of presence sites). Pixels with suitability values higher than the identiﬁed minimum are considered as the presence of the species. White indicates Bd absence, while
dark gray indicates Bd presence. Areas in light gray correspond to areas that were not included in the model because of the lack of sampling.

at all elevations including the lowlands (Fig. 3A). The SDM based
on ten bioclimatic variables was a sufﬁcient predictor of Bd presence: the AUC was 0.736 for training data and 0.768 for test
data, which is above the 0.75 threshold for models considered to
have good predictive power (Fielding & Bell 1997). Furthermore,
our models had 0 test omission rates when using both the minimum training presence threshold and the T10 threshold. Four
variables together had a 91 percent contribution to the SDM, i.e.,
AMT, PDM, TS, and MDTR, with the ﬁrst variable alone
explaining 56.4 percent of variation in the model, and the latter
variables explaining 17.8 percent, 9.1 percent, and 7.5 percent,
respectively. Using the binary prediction of Bd presence with the
T10 threshold (Fig. 3B), we were able to estimate the climatic
space suitable versus unsuitable for Bd. Our analyses suggest that
the strain or strains of Bd in Colombia tolerate a broad range of
temperatures, with minimum mean annual temperatures around
0°C and maximum around 30°C. Predicted absences accumulated
at higher mean annual temperatures (Fig. 4A–C). In Colombia,
Bd differentially occurs at sites with higher precipitation during
the driest month (Fig. 4C,D,F), lower temperature seasonality
(Fig. 4B,E,F), and tolerates a wide range of variation in diurnal
temperature (Fig. 4A,D,E). However, these variables also show a
high level of interaction in determining the preferred climatic
conditions of Bd (Fig. 4).

DISCUSSION
Our study represents the ﬁrst attempt to identify geographical
areas with higher environmental suitability for Bd and thus higher

estimated risk of chytridiomycosis for amphibians in Colombia,
one of the most species-rich countries in the world. We found Bd
in essentially all regions surveyed and ranging vertically from 0 to
3200 m. Not surprisingly, surveyed sites in the Andean mountains were broadly infected with Bd, as were the lowlands of the
Paciﬁc Coast and Andean foothills. Speciﬁc patterns of climatic
co-variation with Bd presence included ﬁnding that annual mean
temperature (AMT), precipitation of the driest month (PDM),
mean diurnal temperature range (MDTR), and temperature seasonality (TS) were the most important environmental correlates
of Bd occurrence (Fig. 4). In addition, our data reveal an effect
of reproductive mode on the probability of Bd infection, suggesting that species with terrestrial reproduction are more prone to
infection than species for which reproduction occurs in close
association with bodies of water. In our dataset, terrestrial-breeding species are mostly represented by the predominantly montane
genus, Pristimantis. Thus, elevation and reproductive mode may be
somewhat confounded. In addition, the pattern of higher Bd
prevalence in terrestrial breeders found for the full dataset holds
only for samples diagnosed with qPCR (26% terrestrial vs. 4%
aquatic). For samples diagnosed with end-point PCR, the difference in prevalence is slight but reversed (13% terrestrial vs. 16%
aquatic). The diagnostic technique could thus be confounding the
pattern of prevalence of Bd between reproductive modes.
Temperature has been hypothesized to be the most important parameter affecting the distribution and prevalence of Bd in
the wild (Lips et al. 2008, Woodhams et al. 2008). In support of
this hypothesis, we found that annual mean temperature and
mean diurnal temperature range (AMT and MDTR) are the two
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FIGURE 4. Bivariate climatic spaces predicted to be occupied (red) and not occupied (blue) by the fungal pathogen, Batrachochytrium dendrobatidis, according to a
species distribution model. Kernel density curves indicate the predicted probability of absence (blue) or presence (red) of the fungus along the environmental
gradient of the corresponding variable.

most important predictors, with AMT being the single most
important parameter predicting Bd occurrence in Colombia,
explaining 56.4 percent of variation. In addition, our study predicts a high incidence of the fungal pathogen in areas where
AMT exceeds the physiological limit previously reported from
laboratory experiments (Piotrowski et al. 2004). We detected a
wide range of temperatures suitable for Bd in the wild (Fig. 4A–
C). Assumptions about the thermal biology of Bd are based on
limited information from laboratory experiments and based on a
single strain (Piotrowski et al. 2004). However, Colombia might
harbor more than one strain, and if so, it is important to determine if their physiological requirements vary, especially in environmentally diverse regions of the Neotropics. Furthermore, the
temperature in the microhabitats where frogs and their pathogens
actually live might be considerably cooler than the macroscale
temperatures reported in WorldClim (Kearney et al. 2014). Thus,
more detailed research is needed on microclimates to better
understand why is Bd surviving and infecting species that occur
in areas where thermal conditions exceed the optimal requirements for its survival (Puschendorf et al. 2009). In addition, the
physiological ability of some amphibians to tolerate higher

temperatures might impose restrictions on the pathogen’s distribution, making some areas unsuitable for its establishment, and
thus imposing low infection intensities or low prevalence of Bd
(Nowakowski et al. 2016).
In addition to AMT and MDTR, our results suggest that
low precipitation (i.e., precipitation of the driest month, PDM)
plus seasonality in temperature (TS) and precipitation (PS) are
good predictors of the presence (or, rather, absence) of the fungal pathogen. Bd seems to be more prevalent in areas with lower
temperature seasonality and higher precipitation of the driest
month. As a consequence of the imminent global climate change,
climatic seasonality will potentially increase in coming years, as
well as the frequency of extreme events such as droughts (IPCC
2014). These unusual events might have an impact on Bd survival
and performance. Therefore, additional research that evaluates
how changes in climatic conditions, especially seasonality in temperature and precipitation, affect the performance of different
strains of the pathogen will become extremely relevant. Alterations in climate may promote the evolution of Bd (e.g., faster
growth or higher pathogenicity). Thus, some amphibian populations that appear to be stable might suffer indirectly from
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environmental ﬂuctuation through its effect on Bd, while other
amphibian populations may occupy ‘refuges’ where Bd cannot
persist because of its physiological restrictions (Puschendorf et al.
2011).
Most ﬁeld research and surveys of Bd have been conducted
at middle and high elevations, where declines were initially
observed (Lips 1998), but recent reports of Bd in the lowlands
suggest we need to survey more widely (Brem & Lips 2008, Kriger & Hero 2008, McCracken et al. 2009, Kilburn et al. 2010,
Flechas et al. 2012, Whitﬁeld et al. 2012, Zumbado-Ulate et al.
2014). Bd should be considered a threat to species occurring at
low elevations as well, although population declines have been
rarely reported (Kilburn et al. 2010, Flechas et al. 2015). In this
study, 19 of 32 surveyed localities in the lowlands below 1000 m,
and 13 of 25 below 500 m tested positive for Bd (59% and 52%
of sites, respectively). Since accurate SDMs require sampling that
covers the gradient of host species’ environmental tolerances
(Boria et al. 2014), including these lowland localities in our analyses should increase the predictive accuracy in the Andean region,
which is recognized for its topographic heterogeneity leading to
complex environmental conditions.
To identify the suite of environmental conditions optimal for
Bd growth and dispersal, various studies have modeled Bd distribution at local and global scales. Ron (2005) suggested that montane (above 1000 m) forests of the Colombian Andes represent
suitable regions for Bd, in contrast to the Colombian savannas
(Llanos) and the Choco tropical rainforests. More recently, James
et al. (2015) also predicted the northern Andes should be one of
the most suitable areas for the establishment of the pathogen.
Here, we predict low suitability for Bd in the Caribbean region
(Fig. 3), probably due to relatively dry and highly seasonal conditions, although this result might also be biased because the low
sampling in this area (only two localities). In contrast to previous
models (Ron 2005, James et al. 2015), however, our model predicted relatively high suitability for Bd in the lowlands of the wet
Paciﬁc coast, suggesting that Bd is more widely distributed than
previously appreciated. This information emphasizes the need to
regularly survey lowland areas, especially humid lowlands, and
assess the effects of the pathogen on amphibian populations.
In addition to abiotic climatic parameters, natural history
attributes intrinsic to amphibian species have been hypothesized
to inﬂuence their susceptibility to Bd infection and possible
declines. These traits include clutch size, habitat specialization,
and water dependence (Williams & Hero 1998, Hero et al. 2005,
Bielby et al. 2008). Given that Bd is an aquatic pathogen and that
its motile zoospores need a moist substrate to move between
hosts (Berger et al. 2005), species that spend more time in water
are expected to have higher exposure to the pathogen, and thus
are considered to be at greater risk of chytridiomycosis (Lips et al.
2005). Previously, species with reproductive strategies associated
with water were thought to be more prone to infection than
those not needing water to complete their life cycles (Bielby et al.
2008, L€otters et al. 2009), in part, because most declines and
extinctions of amphibians have been observed in species with
aquatic reproduction (Bustamante et al. 2005, La Marca et al.
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2005, Coloma et al. 2010, Catenazzi et al. 2011). Although water
dependence has been considered a key factor that increases the
probability of infection, some recent studies have found the
opposite scenario, where species with terrestrial reproductive
modes exhibited higher Bd prevalence than aquatic ones
(Gr€undler et al. 2012, Guayasamin et al. 2014). Our study supports the latter pattern, where species with direct development
exhibited a higher prevalence of infection.
Although our initial goal was to predict Bd occurrence for
the entire country of Colombia, the paucity of records from the
eastern savannas (Llanos) and the Amazon basin constrained our
geographic scope. Nonetheless, our study provides a reliable
overview of the potential distribution of Bd in Colombia and
draws the attention to the need for additional surveys in these
poorly sampled areas. Our limited sampling revealed interactions
among climatic variables that together deﬁne Bd presence. For
example, we found that regions with temperatures above 25°C
are most likely to be unsuitable for Bd, yet if precipitation during
the driest month rises to 10–20 mm, Bd could persist in that area
(Fig. 4C). If global climate change led to increased rainfall in
these warm regions, Bd could potentially expand its geographic
range and thus infect new populations or species of amphibians.
Despite its limited geographic scope, our study provides a
dense sampling that allowed us to recognize heretofore-unappreciated variation in observed and predicted Bd prevalence among
lowland sites. For example, the Choco lowlands of the Paciﬁc
coast, previously thought to have a very low probability of Bd
occurrence, may in fact be facing a major threat with many positive localities (Flechas et al. 2015). Given that the Choco region
hosts high amphibian biodiversity, we highlight the urgent need
to develop a monitoring program for the Paciﬁc lowlands of
Colombia. Finally, and according to the results reported by
Becker et al. (2016), where Bd-positive samples with high infection loads were found in areas of predicted low suitability in the
Amazonia, we suggest that future Bd surveys should be extended
into the Colombian Amazon, which remain undersampled. Our
work here shows that for humid lowland sites, this assumption is
false. Thus, humid regions of Amazonia may also be adequate
for the establishment of Bd. The information presented here
should be used as a baseline to develop new studies that examine
undersampled areas and evaluate amphibian population status in
places where Bd is already present and inform future conservation actions.
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