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Abstract
Projected changes in climate conditions are emerging as significant risk factors to numer-

ous species, affecting habitat conditions and community interactions. Projections suggest

species range shifts in response to climate change modifying environmental suitability and

is supported by observational evidence. Both pathogens and their hosts can shift ranges

with climate change. We consider how climate change may influence the distribution of the

emerging infectious amphibian chytrid fungus, Batrachochytrium dendrobatidis (Bd), a
pathogen associated with worldwide amphibian population losses. Using an expanded

global Bd database and a novel modeling approach, we examined a broad set of climate

metrics to model the Bd-climate niche globally and regionally, then project how climate

change may influence Bd distributions. Previous research showed that Bd distribution is

dependent on climatic variables, in particular temperature. We trained a machine-learning

model (random forest) with the most comprehensive global compilation of Bd sampling rec-

ords (~5,000 site-level records, mid-2014 summary), including 13 climatic variables. We

projected future Bd environmental suitability under IPCC scenarios. The learning model

was trained with combined worldwide data (non-region specific) and also separately per

region (region-specific). One goal of our study was to estimate of how Bd spatial risks may

change under climate change based on the best available data. Our models supported dif-

ferences in Bd-climate relationships among geographic regions. We projected that Bd
ranges will shift into higher latitudes and altitudes due to increased environmental suitability

in those regions under predicted climate change. Specifically, our model showed a broad

expansion of areas environmentally suitable for establishment of Bd on amphibian hosts in

the temperate zones of the Northern Hemisphere. Our projections are useful for the devel-

opment of monitoring designs in these areas, especially for sensitive species and those vul-

nerable to multiple threats.

PLOS ONE | DOI:10.1371/journal.pone.0160746 August 11, 2016 1 / 21

a11111

OPEN ACCESS

Citation: Xie GY, Olson DH, Blaustein AR (2016)
Projecting the Global Distribution of the Emerging
Amphibian Fungal Pathogen, Batrachochytrium
dendrobatidis, Based on IPCC Climate Futures. PLoS
ONE 11(8): e0160746. doi:10.1371/journal.
pone.0160746

Editor: Stefan Lötters, Universitat Trier, GERMANY

Received: August 4, 2015

Accepted: July 25, 2016

Published: August 11, 2016

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced, distributed,
transmitted, modified, built upon, or otherwise used
by anyone for any lawful purpose. The work is made
available under the Creative Commons CC0 public
domain dedication.

Data Availability Statement: Bd occurrence data
are available for export at Bd-maps.net or by email
request to dedeolson@fs.fed.us. Environmental and
ecological data are publicly available: 1) climate
metrics: www.cru.uea.ac.uk; RCP climate projections:
http://www.ipcc-data.org/; species richness and
enigmatic decline data: IUCN Global Amphibian
Assessment, www.amphibians.org/redlist/.

Funding: This work was supported by Oregon State
University, to GYX and ARB and the U.S. Forest
Service, Pacific Northwest Research Station to DHO
and GYX. The funders had no role in study design,

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0160746&domain=pdf
https://creativecommons.org/publicdomain/zero/1.0/
http://www.cru.uea.ac.uk
http://www.ipcc-data.org/
http://www.amphibians.org/redlist/


Introduction
Climate change represents one of the greatest challenges to biodiversity because it may com-
promise the integrity and services of ecosystems worldwide. Changes in climate are affecting
species interactions and habitat conditions. For example, climate conditions can alter the phe-
nology of plant-animal interactions, predator-prey interactions, and disease dynamics [1].
Many species, including infectious agents and vectors, are already shifting their ranges to dif-
ferent latitudes and elevations as suitable habitat conditions change [1–4]. Climate-induced
range shifts and species movements potentially affect host-pathogen interactions in complex
ways [1] and may bring hosts into contact with novel diseases.

The emerging infectious amphibian chytrid fungus, Batrachochytrium dendrobatidis (here-
after “Bd”), causes chytridiomycosis which may be responsible for the most spectacular loss of
vertebrate biodiversity due to disease in recorded history [5]. Bd is found on every continent
where amphibians exist, infecting close to 700 amphibian species globally [6,7] and is impli-
cated in worldwide amphibian population declines [8–12]. Yet, amphibian species and popula-
tion vulnerability to Bd infection and developing chytridiomycosis varies (e.g., [13–17]). Also,
Bd strain differences, potential strain hybridization, and strain attenuation account for differ-
ences in virulence [18–20]. For susceptible species, development of chytridiomycosis may
cause excessive skin shedding, lethargy, loss of righting reflex, and eventually mortality in
adults; in tadpoles Bdmay adversely affect mouthpart structures, leading to malformations and
altered feeding [5,8,9,21]. Further complicating Bd-host interactions are interacting environ-
mental factors, including climate associations [6].

Given its apparent host non-specificity, many more amphibian species are likely to become
suitable hosts if Bd emerges in their regions [22]. It is hypothesized that the emergence of Bd
has been due to both spatial spread into naïve regions and enzootic states shifting to epizootic
with environmental change, such as change in climate, which may induce change in host-path-
ogen interactions by decreasing host fitness or increasing pathogen virulence [23,24]. More-
over, habitat change and alteration with projected shifts in climate may affect amphibian host
ranges [25–27], the range of Bd (e.g., Bd climate associations [6,22,28,29]), and amphibian-Bd
dynamics, including spread to novel hosts. This scenario is further complicated as climate may
affect habitat continuity for both Bd and host species, with habitat fragmentation influencing
the capacity of organisms to respond to potential climate changes and many amphibians hav-
ing naturally patchy distributions [30]. Independently, habitat loss and degradation are chief
contributors to global amphibian declines with disease being an additional key contributing
factor for some species [8]; hence climate change may interact and potentially alter these
dynamic processes [30]. Also, we currently lack a full understanding of Bd transmission vec-
tors, although free-living aquatic zoospores suggests Bd can move with water movements [31]
and human-mediated transmission has been implicated (e.g., [32,33]), further complicating
projections of Bd distributions contingent on globalization activities.

Currently, the spatially heterogeneous distribution of Bdmay be due to its continuing
spread in naïve regions [6], a conservation concern for native biodiversity. To inform preventa-
tive management and resource prioritization, correlative species distribution models (SDMs)
have been used to characterize environmental suitability and the potential range for Bd [6,22].
SDMs are typically applied where the range of the target species, which is often free-living, is
expected to be mainly regulated by environmental variables (e.g., climate, biome, habitat type
[22]), as opposed to pathogens whose immediate environment is the product of both the envi-
ronment and host physiology. For many pathogens, this may be inappropriate if host environ-
ments and the free-living portions of the pathogen lifecycle are insulated from external
environmental conditions, which is especially true for internal, directly transmitted pathogens
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of endothermic hosts [22]. For Bd, amphibian hosts are ectothermic and there is an environ-
mental zoospore stage for transmission [28,31,34]. As a result, Bd is directly subject to the
effects of environmental variables, in particular temperature and moisture [22,28,29,31]. Fur-
thermore, recent field research has revealed that Bd occupancy in the environment may not
depend on the presence of amphibian hosts in the same locale which provides further support
in using SDMs to project future Bd distribution without necessarily modeling changes in host
distributions simultaneously [35]. Therefore, SDMs may be a valuable tool to evaluate environ-
mental suitability for Bd and allow managers to identify areas suitable for the establishment of
Bd [22]. Field observations of seasonal and altitudinal differences in Bd outbreak patterns have
long suggested the climatic dependency of Bd [23,34,36,37]. While we should take care in inter-
preting the results of these SDM's, which are based on observational data and are fundamen-
tally correlation-based, these observations have been supported by laboratory experiments
[18–20]. Previous SDMs also have shown that both chytridiomycosis and Bd distribution are
strongly associated with climatic variables [6,22,35,38–41]. Currently, little is known of the
comparative environmental thresholds of Bd life stages, such as free-living Bd zoospores versus
host-infected Bd, therefore we do not differentiate them in this analysis.

Previous SDMs have predicted a range of environmental conditions suitable for the occur-
rence of Bd [38,40–43]. As a result, it was suggested that the emergence of Bdmay be curbed by
a general warming trend of the climate since the fungus prefers cool, moist habitats [44] and a
previous SDM indeed suggested that anthropogenic climate change may reduce the geographic
range of Bd [45], although this prediction was subsequently found to be inconsistent with some
field observations [46]. Also, initially, climate change was suggested to be promoting Bd emer-
gence at some locations [23]. It was hypothesized that at high-altitude sites in Central America,
increasing cloud cover may have been moderating daily minimum and daily maximum tem-
peratures to converge around a ‘‘chytrid thermal optimum” [23] (but see [47,48]). The ‘thermal
optimum’ hypothesis is consistent with the laboratory observation that fluctuating tempera-
tures slow Bd growth [49], but has been criticized for interpreting a spurious correlation
between climate and Bd emergence as causal [48]. However, Bd outbreaks in the Neotropics
were more common following high-temperature years [50], suggesting that climate change and
the associated increased temperatures might actually promote Bd emergence [46]. These
apparently contradictory results describing the Bd-climate relationship may arise from com-
plex interactions of climatic variables in the field or regional heterogeneity in either Bd biology
or host-pathogen dynamics. Hence, these results highlight the uncertainties in how environ-
mental suitability for Bd and its potential distribution might be affected by climate change.

In this paper, we provide an estimation of the future spatial risks to Bd under IPCC pro-
jected scenarios of climate change based on a significantly improved Bd distribution model in
terms of prediction accuracy over previous SDMs. We formulate region-specific and global
predictive models based on gridded climate data of 0.5° x 0.5° resolution (13 metrics analyzed,
S1 Table) with the most current and extensive global Bd detection data set (~5000 world data
records of Bd-positive and -negative sites) and project future Bd distributions under several cli-
mate change scenarios. We construct SDMs for Bd using random forest models, one of the
most accurate learning algorithms [51]. Random forests use both detection and non-detection
data instead of presence-only methods such as MAXENT, which artificially creates “pseudo-
absence observations” from background sampling to construct discriminative models. Random
forest is ideal for data sets with many explanatory variables and complex higher-order interac-
tions, and has been consistently shown to yield high-prediction performance in comparison to
other methods [51–56]. Random forests also perform well in predicting the distribution of
invasive species [54]. We project global regions where Bdmay increase or decrease in climate-
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niche suitability. Our predictions may inform decisions for prioritization of amphibian conser-
vation efforts, especially monitoring resources.

Materials and Methods

Bd occurrence data
Bd detected/not-detected data were obtained from the 2014 global update of the world Bd data-
base maintained by the curators of Bd-maps.net [6,7]. All available records of wild-caught
amphibian samples up to June 2014 were compiled into site-level data, with a site having a
common latitude/longitude coordinate. This consisted of 5166 site-level records for sites with
coordinate information of sufficient accuracy for spatial analysis. We did not sort sites by Bd
strain because records in the Bd-maps database do not include this parameter; post-hoc
regional correspondence with strain could be problematic if recent dispersal or human-medi-
ated transmission has affected strain geographic distribution. The recently described salaman-
der chytrid fungus B. salamandrivorans (Bsal) differs from Bd genetically and morphologically;
it is unknown if the Bd-maps database inadvertently includes Bsal data, although this likely has
been minimized since the widespread use of Bd-specific qPCR methods [57], and differing host
species [58]. Bsal has not yet been detected in the wild outside Europe. A web portal is in devel-
opment to distinguish Bd and Bsal records (amphibiandisease.org).

Upon examination of the data, we found 129 site records with coordinates that duplicated
another site. These duplicated sites often included both Bd-positive and -negative records;
therefore we scored a site as Bd-positive as long as one observation showed Bd detection. Due
to the spatial resolution of global climate data, our explanatory variables were extracted from a
grid with a resolution of 0.5 degrees latitude and longitude. Consequently, 56 sites had the
same explanatory information because they were clustered within cells on the grid, essentially
duplicating each other. For the purpose of our analysis, we averaged the longitude and latitude,
respectively, of these sites clustered within the same grid cell and used the averages as a new
coordinate, and designated this new coordinate as Bd-positive as long as one record demon-
strated Bd detection. We believe that these procedures have the effects of clarifying the relation-
ship between response and explanatory variables by removing inconsistent classification at the
same sites and also reducing clustering. A final total of 4967 sites (grid cells) were used in the
analysis (S1 Fig). It should be noted that samples taken at these sites may be from animals with
various Bd zoospore loads. Potential biases of the dataset are that sampling for Bd has not been
randomly conducted, our Bd sample size varied among regions which may affect power of our
analyses and hence increase uncertainty of our findings for regions with lower sample sizes,
Bd-negative data may be under-reported, and Bd-negative data do not necessarily indicate that
Bd is absent from a site, for example if sampling was insufficient to detect it at low prevalence.
Consequently our models may be less sensitive for sites with low Bd prevalence, reflecting pat-
terns for places with higher prevalence. Nevertheless, globally and in regions where our sample
sizes were large, our comprehensive dataset enhances the power of such broad landscape-scale
analyses to provide insights regarding climate-associated projections, and may aid develop-
ment of hypotheses for further analysis using downscaled data from more rigorous sampling
methods.

Model formulation
We examined the associations between Bd occurrence at a site and both climatic and ecological
variables. We focused on climatic variables, and included 13 temperature and precipitation
metrics (S1 Table), which have been shown to perform well in previous Bd environmental suit-
ability analyses [6,22,38,40–43]. Additionally, we included elevation [59], biome type [60],
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amphibian species richness [8], and whether an enigmatic amphibian decline was reported at
the site [8], since these factors have been shown to correlate with Bd occurrence [6]. Richness
was included as a parameter of the model to address the likelihood of more and diverse carriers
to retain the fungus at sites. Climate variables were extracted per coordinate from grids with a
resolution of 0.5 degrees latitude and longitude, available from the Climatic Research Unit at
University of East Anglia (Norwich, UK, www.cru.uea.ac.uk) for the years 2000–2010 and aver-
aged over the period. Even if samples at a site may have been collected outside of this time
span, we believe that these averaged climate metrics would be able to represent “typical” cli-
mate at a site and reflect any current climate associations with Bd occurrence. The correlative
nature of SDMs is important to highlight: if a site was sampled for Bd prior to 2000–2010, we
cannot make the inference that there is a causal link between Bd occurrence at that site and the
climate during 2000–2010. Although climate conditions might still be helpful in predicting Bd
occurrence on the basis of correlations alone, caution must be exercised in using performance
of these SDMs to support causal links between climate and Bd occurrence at a site. It is possible
that Bd occurrence may in fact be determined by some unmeasured variables highly correlated
with climate.

Binary observations (Bd detection/non-detection) were positively spatially correlated (Fig
1A). We fitted a full model including all variables using both a logistic regression model and a
general additive logistic regression model with a spline-based smoothed interaction term
between longitude and latitude of the observations to see if model variables were capable of
accounting for the spatial autocorrelation. However, residuals from both models remained spa-
tially correlated. As a result, we opted for a nonparametric random forest classifier model to
allow for implicit modeling of complex non-linear interactions. A random forest is a collection
of random decision-tree classifiers that makes predictions by averaging the predictions of each
individual decision tree model. Versions of the procedure differ in how randomness is intro-
duced in the tree-building process. We implemented the procedure through scikit-learn in the
Python environment [61], in which bootstrap samples of the original training data are used to
train individual decision trees. A decision-tree learner is constructed recursively. At each step
of the construction of the tree, a random set of variables is selected with equal probability from
the suite of training variables. The learner then estimates how to optimally split the training
examples into two nodes based on these selected variables so as to minimize the number of
misclassified training points. The procedure is repeated until every node is pure (i.e., the node
contains only positive or negative samples) or when some minimum number of observations
for each node is reached.

We trained two sets of random forest models. First, we trained a forest on all the available
data because latitude has been reported to be the most important control of climate [62] and
sites were well-distributed along the latitudinal gradient. However, sampling effort was
unequally distributed between geographic regions (S2 Table). To prevent an overall model
from being overfitted to regions with larger sample sizes, we then trained separate forests for
each region with more than 100 sites. Regions were downscaled geographic units, and were not
intended to align with specific environmental conditions, Bd strains, or host taxa; regional
results may provide insights for further hypothesis testing of these additional factors. Each for-
est contained 1000 trees with a maximum depth of 12, a minimum node size of 2, and specified
that a maximum of 30% of all features may be used to split a node. These restrictions were
imposed to prevent over-fitting of the trees to the training data. We randomly withheld 50% of
the data as test data for cross-validation, and used the rest as training data for the forest (i.e.,
2-fold or ‘holdout’ cross-validation). This procedure was repeated 100 times, with the evalua-
tion metrics of mean accuracy and AUC (area under the receiver-operator curve) calculated to
provide an estimate of prediction performance. Accuracy is defined as the percentage of trees
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in the forest that correctly classifies a site as Bd-detected or not detected, and mean accuracy is
the average accuracy over all observations in the test set. Whereas each tree classifies an obser-
vation as 0/1 (detection/non-detection), the forest as a whole outputs the probability of Bd
being detected for each site by averaging over all trees. To evaluate the performance of the for-
ests, we need to select a probability cutoff point above which a site is classified as Bd-present.
The true positive rate (the percentage of times that a Bd-positive site is correctly classified as
present) and the false positive rate (the percentage of times that a Bd-negative site is incorrectly
classified as positive) thus depend on the selection of the cutoff point. The receiver-operator
curve is a curve defined by evaluating the true positive rate and false positive rate at variable
cutoff points, and plotting the true positive rate against the false positive rate. The area under
the curve (AUC) is maximized at 1 and will be large if at any cutoff point there is a desired
large true positive rate and small false positive rate. A higher AUC indicates increased classifi-
cation precision and is insensitive to the definition of an arbitrary cutoff point that separates
negative from positive examples. The relative importance of a feature is evaluated by the
decrease in classification accuracy when the values of that feature are permutated [54].

Predictions
Using the fitted random forest models (trained with all data and trained separately for each
region), we generated two sets of predictions of Bd occurrence probabilities based on current
climatic conditions, as well as those predicted for the year 2100 by the Hadley Global

Fig 1. Correlograms of global amphibian chytrid fungus (Batrachochytrium dendrobatidis) data.
Batrachochytrium dendrobatidis correlograms indicate positive spatial autocorrelation in chytrid presence between
sampled sites: a) in full dataset; b) 50% sampled training data; c) predictions generated by the random forest
model. However, spatial autocorrelation is absent in residuals from the random forest model (d).

doi:10.1371/journal.pone.0160746.g001
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Environment Model 2 –Atmosphere Ocean (HADGEM2—AO) with simulations from the
International Panel on Climate Change (IPCC) Coupled Model Intercomparison Project Phase
5 (CMIP5). The HadleyGEM2 family of models are designed specifically for simulating centen-
nial scale climate evolution [63], which aligns with the time window of our forecasts here. We
predicted global Bd occurrence probabilities using the model trained with all data, and for
regions with more than 100 sites using models trained specifically with data from those regions.
Within the model, we chose the Representative Pathway Scenarios which are consistent with a
wide range of climate change scenarios [63]. The RCPs are four greenhouse gas concentration
trajectories adopted by the IPCC for its fifth assessment report, and describe four possible cli-
mate futures encompassing a wide range of possible future changes in anthropogenic green-
house gas emissions–collectively they span the range of year 2100 radiative forcing values
found in open literature [64]. These four RCPs were RCP2.6, RCP4.5, RCP6, and RCP8.5. The
postfixes are chosen according to the increase in radiative forcing (the difference between solar
energy absorbed by the Earth and that radiated back to space) in the year 2100 relative to pre-
industrial values that each scenario describes (2.6, 4.5, 6.0, and 8.5 W�m-2, respectively, see Fig-
ure 10 in van Vuuren et al. [65] for detailed description and graphic representation. The four
RCP scenarios correspond to increasingly severe warming scenarios and across all RCPs it is
expected that global mean temperature will rise by 0.3 to 4.8°C by 2100 [65]. We report model
results for scenarios 2.6, 6.0, and 8.5.

Results

Model validation and feature importance
For the random forest model fitted with all data, spatial autocorrelation remained in the 50%
sampled training data and showed a trend similar to the full data set (Fig 1B). Predictions gen-
erated from the random forest models preserved the spatial autocorrelation structure, but
residuals were not spatially correlated (Fig 1C–1D). These observations remained true for
models fitted per region, and suggested that variables in the model and their interactions cap-
tured the spatial patterns in Bd distribution. Mean accuracy was 0.9071 (s.d. = 0.0046), and
mean AUC was 0.9642 (s.d. = 0.0019) for the model trained with all data (S1 Table). AUC was
uniformly high for all regions, but mean accuracy was lower in Australasia, Europe and North
America. Although these three regions had the largest sample sizes, the model is not biased
towards regions with fewer samples. However, region-specific models further improved perfor-
mance both in terms of mean accuracy and AUC (S2 and S3 Tables). Model-based uncertain-
ties in terms of the variation in predicted Bd occurrence probability per grid cell were low; the
per-cell standard deviation ranged from 0.0024 to 0.087 for all models considered. In the
model trained with all data, temperature range was the most important feature for classifica-
tion. Temperature maxima were also important predictors, with the lowest, average and maxi-
mummonthly average maximum temperature ranked after temperature range. However, in
general the input features do not differ substantially in terms of their relative importance (Fig
2). Region-specific models do not preserve the ordering of variable importance (Fig 3A–3F).
Nonetheless, the importance of temperature and precipitation variables outweigh local
amphibian species richness and whether a site has experienced enigmatic amphibian popula-
tion declines (but see Asia as an exception where species richness seems to be at least as impor-
tant as climate metrics; Fig 3B).

Spatial patterns
Similar to previous studies [38,42,43,45], the global (non-region-specific) model depicts that
the areas of highest predicted Bd occurrence probabilities were patchily distributed (Fig 4A).
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These ‘hotspots’ occurred on all continents occupied by amphibians, but were more restricted
in range in Eurasia, Oceania and Africa in contrast to the Americas. Around the equator, pre-
dicted Bd occurrence probabilities were generally low. In the Southern Hemisphere, south of
the equatorial region, Bd occurrence probability generally increased, and hotspots were associ-
ated with coastal regions (e.g., Australia, Africa) and mountainous terrain of higher elevations
(e.g., Andes in South America, Ethiopian highlands, and the highlands along the Great Rift
Valley in Africa). In the Northern Hemisphere, where contiguous land masses extend further
into the polar region, the higher latitudes in Asia and North America exhibited low predicted
Bd occurrence probability. Hotspots were again associated with areas of high elevation (e.g.,
the Kunlun, Qinling, Taihang, and Nanling mountains in China, Hida and Ou mountains in
Japan, the Rockies, Appalachians, and Interior Highlands of the south-central United States in
North America). In Europe, hotspots coincided with the Alps, the Kjolen and Ural mountains.

Based on region-specific models compiled for a global perspective, the distribution of areas
with higher Bd occurrence probability largely coincided with those predicted by the non-
region-specific global model (Fig 4B). However, there was a decrease in overall predicted Bd

Fig 2. Relative importance of input features based on non-region specific (global) model of amphibian
chytrid fungus (Batrachochytrium dendrobatidis) occurrence. Relative importance of an input feature for
global Batrachochytrium dendrobatidis occurrence was estimated as an increase in out-of-bag error if training
values for that feature were permutated. Plots indicate one standard deviation to show variation between trees in
the random forest.

doi:10.1371/journal.pone.0160746.g002
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occurrence probabilities, and this trend was especially true for Asia and Australasia. Areas rep-
resenting low to intermediate (0 to 0.6) Bd-occurrence probability predicted by regional models
did not fully agree with those from the global model. In North America, the region-specific
model predicted no apparent ‘hotspots’ in the mid-latitudes. In the higher latitudes the same
model predicted that the region of intermediate Bd occurrence probabilities would extend fur-
ther into the Arctic than the global model. In contrast, in Asia and Australasia, region-specific
models predict that the areas of low Bd occurrence probability (predominantly in the higher

Fig 3. Relative importance of input features based on region-specific models of amphibian chytrid fungus
(Batrachochytrium dendrobatidis) occurrence.Relative importance of input features for region-specific models of
Batrachochytrium dendrobatidis occurrence were determined for: a) Africa; b) Asia; c) Australasia; d) Europe; e) North
America; and f) South America.

doi:10.1371/journal.pone.0160746.g003

Fig 4. Predicted occurrence probability of amphibian chytrid fungus (Batrachochytrium dendrobatidis) with current
climatic conditions. Predicted current occurrence of Batrachochytrium dendrobatidis based on: a) a non-region-specific
global model; and b) data combined from region-specific models.

doi:10.1371/journal.pone.0160746.g004
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latitudes) would extend further into the mid-latitudes in comparison to the global model. In
South America, the most disagreement occurred in the northern regions. The region-specific
model predicted that the northern Andes did not contain noticeable hotspots, and that the
Amazon basin would have intermediate Bd occurrence probabilities. In contrast, the global
model predicted an area of low Bd occurrence in the Amazon basin and hotspots in the north-
ern Andes (note, however, that the training data for the models contained no sites from the
interior Amazon basin). In Africa, regions of low Bd occurrence probabilities (0 to 0.2) were
shifted more toward the equator in the region-specific model. These differences suggest that
while maps may be used to identify Bd hotspots (which are largely in agreement), caution
needs to be applied in interpreting spatial risk of Bd where models predict low to intermediate
occurrence probability.

The relative changes in predicted Bd occurrence probability in the year 2100 as predicted by
the non-region-specific global model differ across three RCP scenarios (2.6, 6.0, 8.5; Fig 5A–
5C). The area and extent of relative change become larger with projected increases in radiative
forcing (see methods for definition), showing both increases and decreases in Bd-occurrence
probabilities among regions. Changes are most notable in the higher latitudes of the northern
hemisphere, where large areas in North America and Asia that were previously unsuitable for
Bd exhibited the largest increases in predicted Bd occurrence probability. This area of increase
shifted progressively north with an increase in radiative forcing. Other areas of increase include
forested areas around the equator such as the Malaysian and Indonesian islands, northeastern
Brazil, and lowland regions around the equatorial belt in Africa. The high-elevation regions
that were previously associated with predicted Bd occurrence hotspots generally exhibited
shrinkages, which is particularly apparent in the Andes Mountains of South America. Due to
the sensitivity of the Bd fungus to temperature and the apparent importance of temperature as
a predictor variable, it may be that climate change shifts these high-altitude regions out of the
optimum thermal envelope for Bd [66].

This trend of more drastic change associated with increased radiative forcing remained true
for predictions generated by the region-specific models (Fig 6A–6C). Under climate change pro-
jected by RCP 2.6, the regions of relative increase and decrease approximately agree with the
global model for most geographic regions with the exception of Australasia. In this case, the
region-specific model predicted that continental Australia will undergo a decrease in overall Bd-
occurrence probability in the coastal regions and an increase inland. The global model, however,
predicted the opposite. Under RCP 6.0, a major inconsistency lies in predictions close to the
equatorial regions. The global model predicted an increase in Bd occurrence probability in the
Amazon basin and other forested regions near the equator in Africa and the Indonesian and
Malaysian islands. This increase was much less prominent according to the region-specific mod-
els. Again, Australasia stands out in that while the region-specific models predict overall no
change or a decrease in Bd occurrence probability, the global model predicts an increase in
coastal regions. The differences in predicted Bd occurrence probabilities under RCP 8.5 between
region-specific and non-region specific models were similar to those observed under RCP 6.0.
Despite these differences, all models and climate scenarios were consistent in predicting an
increase in Bd occurrence probabilities in the higher latitudes, with the zones of highest increase
shifting progressively northward further into the Arctic with increases in radiative forcing.

Discussion
As with free-living species, pathogens likewise have optimum climatic envelopes and devia-
tions from the optimum may make them susceptible to potential distribution shifts in the pres-
ence of climate change [67]. It has been argued that since Bd prefers cool, moist conditions, its
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Fig 5. Predicted change in occurrence probability of amphibian chytrid fungus (Batrachochytrium
dendrobatidis) based on future climate conditions using a non-region-specific global model. Predicted change
in occurrence probability of Batrachochytrium dendrobatidis determined using the non-region-specific global model
with future climate conditions forecasted for 2100 using RCP 2.6, 6.0 and 8.5 scenarios.

doi:10.1371/journal.pone.0160746.g005
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Fig 6. Predicted change in occurrence probability of amphibian chytrid fungus (Batrachochytrium
dendrobatidis) based on future climate conditions using data combined from region-specific models.
Predicted change in occurrence probability of Batrachochytrium dendrobatidis determined using data combined from
region-specific global models with future climate conditions forecasted for 2100 in the RCP 2.6, 6.0 and 8.5 scenarios.
Predicted future occurrence of Batrachochytrium dendrobatidis determined using the non-region-specific global
model based on future climate conditions forecasted for 2100 in the RCP 2.6, 6.0 and 8.5 scenarios. Predicted future
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emergence might be curbed by climate warming [44]. However, as is consistent with observed
responses to ongoing climate change in other species [4,68], our models generally forecast that
Bd occurrence probabilities will experience the greatest increase in the higher-latitude regions
of the Northern Hemisphere, which may correspond to a range shift. It is unclear whether this
range shift will represent a shrinkage or expansion in overall Bd distribution, since the larger
landmass at high latitudes in the Northern Hemisphere may compensate for lost range in the
lower latitudes.

This increase in Bd-occurrence probability in the northern temperate zones due to climate
change has been previously suggested by Bosch et al. [39], who showed that the occurrence of
Bd-related disease was linked to rising temperatures that moderated severe winters. This non-
uniformity in projected degree of Bd environmental suitability changes may be reflective of the
non-uniformity in the rate of climate change at different locales. Between years 1948 and 2010,
the strongest rates of spring and winter warming have been observed to occur more frequently
at latitudes of 30 to 90° N [69]. As a consequence, temperature seasonality in the Northern
Hemisphere has diminished over time at mid to high latitudes from 30 to 90° N [60], which
may account for why we observed a prominent increase in projected Bd environmental suit-
ability in these regions. Conversely, the decreases in Bd environmental suitability in the tropical
regions projected by our model may be due to temperature seasonality being amplified in some
tropical regions, including in Africa and the Middle East [69].

In addition, changes in precipitation are expected to scale approximately linearly with
increasing warming and is generally expected to increase in higher latitudes [70–72], which
may further enhance the environmental suitability of the temperate zones to Bd. Observations
of current climate shifts indicate that increases in precipitation over Northern Hemisphere
mid- and high latitude land areas have a strong correlation to increases in total cloud amount
due to temperature increases inducing evaporation [73]. In contrast to the Northern Hemi-
sphere, no comparable systematic changes have been detected in broad latitudinal precipitation
averages over the Southern Hemisphere [73]. This also may potentially account for the differ-
ences in the magnitude of environmental suitability increase between the Northern and the
Southern Hemisphere we observed from our projections.

However, these broad descriptions may be difficult to generalize as long-term rainfall has
actually been observed to decrease in some large regions including the Mediterranean and
parts of southwestern North America [74,75]. Furthermore, the confidence of precipitation
projections remains lacking in many parts of the globe and at smaller spatial scales, and previ-
ous projections of hydroclimate has been shown to be erroneous [76,77]. This adds another
source of uncertainty in our Bd occurrence projections, which is especially concerning since
our models suggest that Bd occurrence is not dominantly dependent on temperature alone and
that precipitation and its interactions with temperature might be equally important.

Our region-specific models possessed higher predictive performance than our global model,
and generated predictions that are consistent with some previous SDMs [22,38,41–43,45]. Both
our region-specific and global models predicted that the extent and magnitude of change in Bd
occurrence probabilities increased with projected changes in radiative forcing relative to prein-
dustrial levels. In general, more extensive areas of larger increases in predicted Bd occurrence
probability are expected with increasing radiative forcing.

Yet, inconsistencies exist in the predictions generated by the region-specific and global
models. Under all climate-future scenarios, the non-region-specific model predicted a higher

occurrence of Batrachochytrium dendrobatidis determined using the non-region-specific global model based on future
climate conditions forecasted for 2100 in the RCP 2.6, 6.0 and 8.5 scenarios.

doi:10.1371/journal.pone.0160746.g006
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overall Bd occurrence probability. These mismatches are especially noticeable in regions of the
Southern Hemisphere, with more substantial disagreement between models in equatorial
regions and continental Australia. This suggests that the Bd-climate relationship differs among
regions, which may be due to variation in the Bd strain among regions [78], heterogeneous Bd
ecology, host-Bd dynamics, or other unmeasured variables; these hypotheses warrant consider-
ation in subsequent studies, as our intent for regional analyses here was to simply downscale
the scope of the analysis to geographically relevant units. However, our region designations are
purely geographical and may not necessarily correspond to biological meaningful subunits of
the Bd lineage. Therefore the differences observed between regional models could also have
resulted from each model describing only the partial niche instead of the full niche of Bd. Spe-
cific to the Malaysian and Indonesian islands, northeastern Brazil, and lowland regions around
the equatorial belt in Africa, we found the predictions from our global model also were incon-
sistent with projections obtained by Rödder et al. [45]. Both our region-specific and global
models agreed with Rödder et al. [45] in that, based on present conditions, Bd occurrence prob-
ability should generally be low in these regions. This is in-line with the empirical observation
that under laboratory settings, higher temperatures inhibit the growth of Bd and in extreme
cases, induce mortality [28]. However, our global model predicted a general increase in Bd
occurrence probabilities in these regions (equatorial zones) while Rödder et al. [45] forecasted
little change or a decrease. We suspect that these model uncertainties in the tropical zone are
due to extrapolations outside of the climate data range in the available Bd records we used as
the training set for our models.

Under climate change, novel climatic conditions are predicted extensively. However, in the
tropics, forecasted climate conditions fall outside of the observed present range and therefore are
“novel” to the prediction model since they are unobserved in the training data, which produces
model uncertainties due to extrapolation. Whereas even as conditions in non-tropic zone change
and novel climate conditions are experienced locally, the precise temperature and precipitation
values are still contained within the range of the present training data and therefore predictions
generated for these regions are more akin to interpolation. Currently, the tropics already experi-
ence the highest temperature and precipitation regimes. Even if aggressive measures were taken
to reduce greenhouse gas emissions, the annual mean temperature in an average location likely
would be shifted out of its previous normal range due to climate change by 2069 [79]. Therefore,
predictions generated for this region beyond this time frame will likely be based on extrapolating
outside the range of climatic variables present in the training data. As a result, while the tropics
are affected by climate change to a lesser degree than temperate zones [79], model uncertainties
in these regions warrant further investigation and monitoring of Bd presence.

In addition to these model uncertainties, our prediction maps are point estimates only at a
coarse spatial scale and do not reflect microhabitat, seasonal, or annual variations in climate;
therefore at finer spatial and temporal scales they may not be fully reflective of the relative spa-
tial risk of Bd presence. Furthermore, complex local climate change dynamics between temper-
ature and precipitation may not be adequately reflected in the present collection of variables
used in our model. In addition to using static estimates of future climate metrics, the velocity of
climate change itself may be incorporated into the models as an additional measure of how
future Bd distribution may adapt to local environments [80]. Another finer-scale consideration
that could be addressed in additional down-scaled models is habitat change and fragmentation
that could affect both host dispersal and Bd transmission to changing climate niches across
landscapes [30]. Despite an accruing amount of knowledge about Bd physiology in laboratory
settings, our study illustrates that it might be too simplistic to assume that global warming will
curtail the spread of Bd. Furthermore, the association between environmental temperature and
amphibian immunity [81,82] could confound how local populations might fare under climate
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change, as changing temperature and precipitation regimes may act to simultaneously increase
amphibian susceptibility to Bd [48,83].

Much focus of how climate change will affect Bd and chytridiomycosis outbreaks has been
on the role of temperature, one of the most important environmental factors that influences Bd
growth and development of chytridiomycosis [84]. Intuitively, it would seem that increasing
temperatures might be expected to decrease Bd occurrence probabilities due to the fungus’
intolerance to high temperatures in vitro [28]. However, Bd-associated amphibian population
declines in the Neotropics were more likely to occur after high-temperature years [50], suggest-
ing that climate change might actually increase Bd occurrence probabilities [46]. Moreover,
other factors may interact with those associated with climate change to influence amphibian
population declines [85,86].

Although we cannot extend causal inference from observation data, our analysis nonetheless
provide support for the hypothesis that climate change might further promote the emergence
of Bd, especially in the temperate zones. While this further highlights the controversy and the
need for research on Bd-climate relationships outside of laboratory settings, we note that in
contrast to previous Bd SDMs that relied on additive regression models (e.g., MaxEnt), our
model identifies no single climatic variable as wholly determining Bd occurrence probabilities
as none of the main variables held overwhelming predictive power. Therefore, it is prudent
that research attention on Bd-climate relationships should not be limited to temperature
regimes alone; rather, there is support for considering complex interactions of climatic vari-
ables. Moreover, since Bd sampling is predominantly conducted by swabbing amphibians and
Bdmay be found outside of amphibian hosts [35], it is possible that sites where Bd has not
been detected from host samples, currently deemed Bd-negative in our analyses, might under-
represent actual Bd occurrences and therefore our model may be biased downwards in repre-
senting actual Bd occurrence probabilities. Although this can only be remedied by more
sampling for Bd, including broader environmental sampling, here we caution that SDMs based
on these data may be systematically under-predicting Bd occurrence probabilities and that our
predictions may be also be influenced by sampling bias towards locations that a priori are
deemed suitable for Bd and certainly biased towards sampling within amphibian populations.

Our models had higher performances than previous efforts, yet it is important to again
emphasize the correlative nature of SDMs in general. The model we presented here is a non-
parametric random forest learning procedure capable of implicitly including complex higher-
order interactions. It is possible that the climate variables we have chosen to include here and
their interactions yield excellent predictive performance simply because they are highly corre-
lated with other unmeasured variables at each site, which may in fact be the driver of Bd pres-
ence. While temperature and moisture are certainly important variables that determine the
propagation of Bd on the host and in the environment, we should exercise caution in inferring
causation from correlative models based on predictive performance. We acknowledge that
future predictions from our SDM will rest on the assumption of constant relationship between
Bd occurrence and climate variables, and does not consider the effects of coevolution or local
adaptations. We further point out here that while our model aims to predict the environmental
suitability to Bd as a proxy of its occurrence probability, occurrence at a site may not necessar-
ily be equivalent to Bd having a significant impact at the local population (i.e., local declines or
extinctions) and will depend on specific host-Bd interactions.

Conclusions
Using the most comprehensive set of Bd surveillance data available, we implemented a
machine-learning model that uses both detection and non-detection data to predict current
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and future distributions of Bd under climate change scenarios based on different levels of fore-
casts in the amount of anthropogenic greenhouse emissions. We built random forest models
combining data gathered from all regions in the world (non-region-specific “global”models),
and also models using region-specific data from relatively well-sampled geographic regions
(minimum of 100 observations per region, actual regions entering the analysis contained at
least 221 observations.). We found that by using climate variables, we captured the spatial cor-
relation patterns of the current Bd distribution. This observation supports climate variables as
strongly influencing the present distribution of Bd. Using future climate projections under sev-
eral IPCC scenarios, our models predicted that Bd ranges will shift into higher latitudes and
altitudes, especially in the temperate zones of the Northern Hemisphere. Our projections are
useful for the development of monitoring designs in these areas, especially for sensitive species
and those vulnerable to multiple threats.

Supporting Information
S1 Fig. Global site records for the amphibian chytrid fungus, Batrachochytrium dendroba-
tidis.
(TIF)

S1 Table. Input features in the random forest models and their definitions. These values
were extracted for each coordinate for each year during 2000–2010, then averaged over the
period.
(PDF)

S2 Table. Regional samples sizes (sites per region) for the amphibian chytrid fungus
(Batrachochytrium dendrobatidis), chytrid occurrence probabilities, and validation results
based on random forest models trained on combined worldwide data. AUC = area under
the receiver-operator curve.
(PDF)

S3 Table. Mean accuracy and area under the receiver-operator curve (AUC) for each region
based on separate random forest models trained on amphibian chytrid fungus (Batracho-
chytrium dendrobatidis) data from each region.
(PDF)

Acknowledgments
We thank colleagues and contributors of the BdMapping project and Imperial College, Lon-
don UK for their efforts in compiling world Bd data, and K. Ronnenberg for help with editing
and graphics, and for maintaining the global Bd-maps.net database updates. We also thank K.
Christiansen and M. Gregory for spatial data management, A. Gitelman for statistical consulta-
tion, and S. Tawdrey, L. Lenya, J. Diver and L. Miller for technical assistance.

Author Contributions

Conceived and designed the experiments: GYX DHO ARB.

Performed the experiments: GYX DHO ARB.

Analyzed the data: GYX DHO ARB.

Contributed reagents/materials/analysis tools: GYX DHO ARB.

Wrote the paper: GYX DHO ARB.

Amphibian Chytrid Fungus (Bd) Climate Futures

PLOS ONE | DOI:10.1371/journal.pone.0160746 August 11, 2016 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160746.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160746.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160746.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160746.s004


References
1. Altizer S, Ostfeld RS, Johnson PT, Kutz S, Harvell CD. Climate change and infectious diseases: from

evidence to a predictive framework. Science. 2013; 341: 514–519. doi: 10.1126/science.1239401
PMID: 23908230

2. Hickling R, Roy DB, Hill JK, Fox R, Thomas CD. The distributions of a wide range of taxonomic groups
are expanding polewards. Global Change Biol. 2006; 12: 450–455.

3. Ostfeld RS, Brunner JL. Climate change and Ixodes tick-borne diseases of humans. Phil Trans R Soc
Lond B: Biol Sci. 2015; 370: 1–11.

4. Parmesan C, Yohe G. A globally coherent fingerprint of climate change impacts across natural sys-
tems. Nature. 2003; 421: 37–42. PMID: 12511946

5. Skerratt LF, Berger L, Speare R, Cashins S, McDonald KR, Phillott AD, et al. Spread of chytridiomyco-
sis has caused the rapid global decline and extinction of frogs. EcoHealth. 2007; 4: 125–134.

6. Olson DH, Aanensen DM, Ronnenberg KL, Powell CI, Walker SF, Bielby J, et al. Mapping the global
emergence of Batrachochytrium dendrobatidis, the amphibian chytrid fungus. PLOS ONE. 2013; 8:
e56802. doi: 10.1371/journal.pone.0056802 PMID: 23463502

7. Olson DH, Ronnenberg KL. Global Bdmapping project: 2014 update. Froglog. 2014; 111: 17–21. Avail-
able: http://www.amphibians.org/froglog/fl111/.

8. Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL, Fischman DL, et al. Status and trends of
amphibian declines and extinctions worldwide. Science. 2004; 306: 1783–1786. PMID: 15486254

9. Mendelson JR III, Lips KR, Gagliardo RW, Rabb GB, Collins JP, Diffendorfer JE, et al. Confronting
amphibian declines and extinctions. Science. 2006; 313: 48. PMID: 16825553

10. Gascon C, Collins JP, Moore RD, Church DR, McKay JE, Mendelson JR III (editors). Amphibian con-
servation action plan: Proceedings: IUCN/SSC Amphibian conservation summit 2005. Gland, Switzer-
land: TheWorld Conservation Union (IUCN); 2007. Available: http://www.amphibianark.org/pdf/ACAP.
pdf.

11. Blaustein AR, Bancroft BA. Amphibian population declines: Evolutionary considerations. BioScience.
2007; 57: 437–444.

12. Wake DB, Vredenburg VT. Are we in the midst of a sixth major extinction? A view from the world of
amphibians. Proc Natl Acad Sci USA. 2008; 105: 11466–11473. doi: 10.1073/pnas.0801921105 PMID:
18695221

13. Daszak P, Strieby A, Cunningham AA, Longcore JE, Brown CC, Porter D. Experimental evidence that
the bullfrog (Rana catesbeiana) is a potential carrier of chytridiomycosis, an emerging fungal disease of
amphibians. Herpetol J. 2004; 14: 201–207.

14. Bosch J, Martínez-Solano I, García-Paris M. Evidence of a chytrid fungus infection involved in the
decline of the commonmidwife toad (Alytes obstetricans) in protected areas of central Spain. Biol Con-
serv. 2001; 97: 331–337.

15. Briggs CJ, Vredenburg VT, Knapp RA, Rachowicz LJ. Investigating the population-level effects of chy-
tridiomycosis: An emerging infectious disease of amphibians. Ecology 2005; 86: 3149–3159.

16. Searle CL, Gervasi SS, Hua J, Hammond JI, Relyea RA, Olson DH, et al. Differential host susceptibility
to Batrachochytrium dendrobatidis, an emerging amphibian pathogen. Conserv Biol. 2001; 25: 965–
974.

17. Bradley PW, Gervasi SS, Hua J, Cothran RD, Relyea RA, Olson DH, et al. Differences in sensitivity to
the fungal pathogen Batrachochytrium dendrobatidis among amphibian populations. Conserv Biol.
2015; 29: 1347–1356. doi: 10.1111/cobi.12566 PMID: 26219571

18. Berger L, Hyatt AD, Speare R, Longcore JE. Life cycle stages of the amphibian chytrid Batrachochy-
trium dendrobatidis. Dis Aquat Org. 2005; 68: 51–63. PMID: 16465834

19. Schloegel LM, Toledo LF, Longcore JE, Greenspan SE, Viera CA, Lee M, et al. Novel, panzootic and
hybrid genotypes of amphibian chytridiomycosis associated with the bullfrog trade. Molecular Ecol.
2012; 21: 5162–5177.

20. Refsnider JM, Poorten TJ, Langhammer PF, Burrowes PA, Rosenblum EB. Genomic correlates of viru-
lence attenuation in the deadly amphibian chytrid fungus, Batrachochytrium dendrobatidis. G3
(Bethesda). 2015; 5: 2291–2298.

21. Berger L, Speare R, Daszak P, Green DE, Cunningham AA, Goggin CL, et al. Chytridiomycosis causes
amphibian mortality associated with population declines in the rain forests of Australia and Central
America. Proc Nat Acad Sci USA. 1998; 95: 9031–9036. PMID: 9671799

22. Murray KA, Retallick RWR, Puschendorf R, Skerratt LF, Rosauer D, McCallum HI, et al. Assessing spa-
tial patterns of disease risk to biodiversity: Implications for the management of the amphibian pathogen,
Batrachochytrium dendrobatidis. J Appl Ecol. 2011; 48: 163–173.

Amphibian Chytrid Fungus (Bd) Climate Futures

PLOS ONE | DOI:10.1371/journal.pone.0160746 August 11, 2016 18 / 21

http://dx.doi.org/10.1126/science.1239401
http://www.ncbi.nlm.nih.gov/pubmed/23908230
http://www.ncbi.nlm.nih.gov/pubmed/12511946
http://dx.doi.org/10.1371/journal.pone.0056802
http://www.ncbi.nlm.nih.gov/pubmed/23463502
http://www.amphibians.org/froglog/fl111/
http://www.ncbi.nlm.nih.gov/pubmed/15486254
http://www.ncbi.nlm.nih.gov/pubmed/16825553
http://www.amphibianark.org/pdf/ACAP.pdf
http://www.amphibianark.org/pdf/ACAP.pdf
http://dx.doi.org/10.1073/pnas.0801921105
http://www.ncbi.nlm.nih.gov/pubmed/18695221
http://dx.doi.org/10.1111/cobi.12566
http://www.ncbi.nlm.nih.gov/pubmed/26219571
http://www.ncbi.nlm.nih.gov/pubmed/16465834
http://www.ncbi.nlm.nih.gov/pubmed/9671799


23. Pounds JA, Bustamante MR, Coloma LA, Consuegra JA, Fogden MPL, Foster PN, et al. Widespread
amphibian extinctions from epidemic disease driven by global warming. Nature. 2006; 439: 161–167.
PMID: 16407945

24. Alford RA, Bradfield KS, Richards SJ. Ecology: global warming and amphibian losses. Nature. 2007;
447: E3–E4. PMID: 17538571

25. Lawler JJ, Shafer SL, White D, Kareiva P, Maurer EP, Blaustein AR, et al. Projected climate-induced
faunal change in theWestern Hemisphere. Ecology. 2009; 90: 588–597. PMID: 19341131

26. Lawler JJ, Shafer SL, Bancroft BA, Blaustein AR. Projected climate impacts for the amphibians of the
Western Hemisphere. Conserv Biology. 2010; 24: 38–50.

27. Blaustein AR, Walls SC, Bancroft BA, Lawler JJ, Searle CL, Gervasi SG. Direct and indirect effects of
climate change on amphibian populations. Diversity. 2010; 2: 281–313.

28. Piotrowski JS, Annis SL, Longcore JE. Physiology of Batrachochytrium dendrobatidis, a chytrid patho-
gen of amphibians. Mycologia. 2004; 96: 9–15. PMID: 21148822

29. Woodhams DC, Alford RA, Briggs CJ, Johnson M, Rollins-Smith LA. Life-history trade-offs influence
disease in changing climates: Strategies of an amphibian pathogen. Ecology. 2008; 89: 1627–1639.
PMID: 18589527

30. Shoo LP, Olson DH, McMenamin SK, Murray KA, Van Sluys M, Donnelly MA, et al. Engineering a
future for amphibians under climate change. J. Applied Ecol. 2011; 48: 487–492.

31. Johnson ML, Speare R. Survival of Batrachochytrium dendrobatidis in water: Quarantine and disease
control implications. Emerg Inf Dis. 2003; 9: 922–925.

32. Schloegel LM, Picco AM, Kilpatrick AM, Davies AJ, Hyatt AD, Daszak P. Magnitude of the US trade in
amphibians and the presence of Batrachochytrium dendrobatidis and ranavirus infection in imported
North American bullfrogs (Rana catesbeiana). Biol Conserv. 2009; 142: 1420–1426.

33. Weldon C, du Preez LH, Hyatt AD, Muller R, Speare R. Origin of the amphibian chytrid fungus. Emerg
Infect Dis. 2004; 10: 2100–2105. PMID: 15663845

34. Berger L, Speare R, Hines HB, Marantelli G, Hyatt AD, McDonald KR, et al. Effect of season and tem-
perature on mortality in amphibians due to chytridiomycosis. Austr Vet J. 2004; 82: 434–439.

35. Chestnut T, Anderson C, Popa R, Blaustein AR, Voytek M, Olson DH, et al. Heterogeneous occupancy
and density estimates of the pathogenic fungus Batrachochytrium dendrobatidis in waters of North
America. PLOSONE. 2014; 9: e106790. doi: 10.1371/journal.pone.0106790 PMID: 25222122

36. Kriger KM, Hero JM. Large-scale seasonal variation in the prevalence and severity of chytridiomycosis.
J Zool. 2007; 271: 352–359.

37. Conradie W, Weldon C, Smith KG, Du Preez HH. Seasonal pattern of chytridiomycosis in common
river frog (Amietia angolensis) tadpoles in the South African Grassland Biome. Afr Zool. 2011; 46: 95–
102.

38. Ron SR. Predicting the distribution of the amphibian pathogen Batrachochytrium dendrobatidis in the
NewWorld. Biotropica. 2005; 37: 209–221.

39. Bosch J, Carrascal LM, Duran L, Walker S, Fisher MC. Climate change and outbreaks of amphibian
chytridiomycosis in a montane area of Central Spain; is there a link? Proc R Soc Lond B: Biol Sci. 2007;
274: 253–260.

40. LauranceWF. Global warming and amphibian extinctions in eastern Australia. Austr Ecol. 2008; 33:
339–408.

41. Rödder D, Kielgast J, Bielby J, Schmidtlein S, Bosch J, Garner TWJ, et al. Global amphibian extinction
risk assessment for the panzootic chytrid fungus. Diversity. 2009; 1: 52–66.

42. Lötters S, Kielgast J, Bielby J, Schmidtlein S, Bosch J, Veith M, et al. The link between rapid enigmatic
amphibian decline and the globally emerging chytrid fungus. EcoHealth. 2009; 6: 358–372. doi: 10.
1007/s10393-010-0281-6 PMID: 20224980

43. Puschendorf R, Carnaval AC, VanDerWal J, Zumbado-Ulate H, Chaves G, Bolanos F, et al. Distribution
models for the amphibian chytrid Batrachochytrium dendrobatidis in Costa Rica: Proposing climatic ref-
uges as a conservation tool. Divers Distrib. 2009; 15: 401–408.

44. Harvell CD, Mitchell CE, Ward JR, Altizer S, Dobson AP, Ostfeld RS, et al. Climate warming and dis-
ease risks for terrestrial and marine biota. Science. 2002; 296: 2158–2162. PMID: 12077394

45. Rödder D, Kielgast J, Lötters S. Future potential distribution of the emerging amphibian chytrid fungus
under anthropogenic climate change. Dis Aquat Org. 2010; 92: 201–207. doi: 10.3354/dao02197
PMID: 21268982

46. Venesky MD, Raffel TR, McMahon TA, Rohr JR. Confronting inconsistencies in the amphibian-chytri-
diomycosis system: implications for disease management. Biol Rev Camb Phil Soc. 2013; 89: 477–83.

Amphibian Chytrid Fungus (Bd) Climate Futures

PLOS ONE | DOI:10.1371/journal.pone.0160746 August 11, 2016 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/16407945
http://www.ncbi.nlm.nih.gov/pubmed/17538571
http://www.ncbi.nlm.nih.gov/pubmed/19341131
http://www.ncbi.nlm.nih.gov/pubmed/21148822
http://www.ncbi.nlm.nih.gov/pubmed/18589527
http://www.ncbi.nlm.nih.gov/pubmed/15663845
http://dx.doi.org/10.1371/journal.pone.0106790
http://www.ncbi.nlm.nih.gov/pubmed/25222122
http://dx.doi.org/10.1007/s10393-010-0281-6
http://dx.doi.org/10.1007/s10393-010-0281-6
http://www.ncbi.nlm.nih.gov/pubmed/20224980
http://www.ncbi.nlm.nih.gov/pubmed/12077394
http://dx.doi.org/10.3354/dao02197
http://www.ncbi.nlm.nih.gov/pubmed/21268982


47. Lips KR, Diffendorfer J, Mendelson JR III, Sears MW. Riding the wave: reconciling the roles of disease
and climate change in amphibian declines. PLOS Biol. 2008; 6: e72. doi: 10.1371/journal.pbio.0060072
PMID: 18366257

48. Rohr JR, Raffel TR, Romansic JM, McCallum H, Hudson PJ. Evaluating the links between climate, dis-
ease spread, and amphibian declines. Proc Natl Acad Sci USA. 2008; 105: 17436–17441. doi: 10.
1073/pnas.0806368105 PMID: 18987318

49. Woodhams DC, Alford RA, Marantelli G. Emerging disease of amphibians cured by elevated body tem-
perature. Dis Aquat Org. 2003; 55: 65–67. PMID: 12887256

50. Rohr JR, Raffel TR. Linking global climate and temperature variability to widespread amphibian
declines putatively caused by disease. Proc Natl Acad Sci USA. 2010; 107: 8269–8274. doi: 10.1073/
pnas.0912883107 PMID: 20404180

51. Li X, Wang Y. Applying various algorithms for species distribution modelling. Integ Zool. 2013; 8: 124–
135.

52. Breiman L. Statistical modelling: the two cultures. Stat Sci. 2001; 16: 199–215.

53. Pearson RG, Thuiller W, Araújo MB, Martinez-Meyer E, Brotons L, McClean C, et al. Model-based
uncertainty in species range prediction. J Biogeog. 2006; 33: 1704–1711.

54. Cutler DR, Edwards TC, Beard KH, Cutler A, Hess KT, Gibson J, et al. Random forests for classification
in ecology. Ecology. 2007; 88: 2783–2792. PMID: 18051647

55. Iverson LR, Prasad AM, Matthews SN, Peters M. Estimating potential habitat for 134 eastern US tree
species under six climate scenarios. For Ecol Manag. 2008; 254: 390–406.

56. Kampichler C, Wieland R, Calmé S, Weissenberger H, Arriaga-Weiss S. Classification in conservation
biology: A comparison of five machine-learning methods. Ecol Inform. 2010; 5: 441–450.

57. Martel A, Blooi M, Adriaensen C, Van Rooij P, BeukemaW, Fisher MC, et al. Recent introduction of a
chytrid fungus endangers Western Palearctic salamanders. Science. 2014; 346: 630–631. doi: 10.
1126/science.1258268 PMID: 25359973

58. Martel A, Spitzen-van der Sluis A, Blooi M, Bert W, Ducatelle R, Fisher MC, et al. Batrachochytrium sal-
amandrivorans sp. nov. causes lethal chytridiomicosis in amphibians. Proc Nat Acad Sci USA. 2013;
110: 15325–15329. doi: 10.1073/pnas.1307356110 PMID: 24003137

59. United States Geological Survey. Global digital elevation model GTOPO30. 2008. Available: http://edc.
usgs.gov/products/elevation/gtopo30/gtopo30.html.

60. Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Powell GVN, Underwood EC, et al. Terres-
trial ecoregions of the world: a newmap of life on Earth. Bioscience 2001; 51: 933–938.

61. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-learn: machine learn-
ing in Python. J Mach Learn Res. 2011; 12: 2825–2830.

62. Marshall J, Plumb RA. Atmosphere, ocean and climate dynamics: An introductory text. Burlington, MA
and San Diego, CA, USA, and London, UK: Academic Press; 2007.

63. Moss R, Babiker M, Brinkman S, Calvo E, Carter T, Edmonds J, et al. Towards new scenarios for analy-
sis of emissions, climate change, impacts, and response strategies. Intergovernmental Panel on Cli-
mate Change, Geneva, Switzerland; 2008. Available: http://www.ipcc.ch/pdf/supporting-material/
expert-meeting-report-scenarios.pdf.

64. Collins WJ, Bellouin N, Doutriaux-Boucher M, Gedney N, Halloran P, Hinton T, et al. Development and
evaluation of an Earth-Systemmodel–HadGEM2, Geosci. Model Dev. 2011; 4: 1051–1075.

65. van Vuuren DP, Edmonds J, KainumaM, Riahi K, Thomson A, Hibbard K, et al. The representative con-
centration pathways: An overview. Climatic Change. 2011; 109: 5–31. Available: http://sedac.ipcc-
data.org/ddc/ar5_scenario_process/RCPs.html.

66. Beniston M, Fox DG. Impacts of climate change on mountain regions. In: Watson RT, Zinyowera MC,
Moss RH, editors. Scientific-technical analyses of impacts, adaptations, and mitigation of climate
change. Contribution of Working Group II to the Second Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, UK and New York, NY, USA: Cambridge University Press;
1996. pp. 191–213.

67. Lafferty KD. The ecology of climate change and infectious diseases. Ecology. 2009; 90: 888–900.
PMID: 19449681

68. Sekercioglu CH, Schneider SH, Fay JP, Loarie SR. Climate change, elevational range shifts, and bird
extinctions. Conserv Biol. 2008; 22: 140–50. doi: 10.1111/j.1523-1739.2007.00852.x PMID: 18254859

69. Xia J, Chen J, Piao S, Ciais P, Luo Y, Wan S. Terrestrial carbon cycle affected by non-uniform climate
warming. Nature Geoscience. 2014; 7: 173–180.

70. Allen MR, IngramWJ. Constraints on future changes in climate and the hydrologic cycle. Nature. 2002;
419: 224–232. PMID: 12226677

Amphibian Chytrid Fungus (Bd) Climate Futures

PLOS ONE | DOI:10.1371/journal.pone.0160746 August 11, 2016 20 / 21

http://dx.doi.org/10.1371/journal.pbio.0060072
http://www.ncbi.nlm.nih.gov/pubmed/18366257
http://dx.doi.org/10.1073/pnas.0806368105
http://dx.doi.org/10.1073/pnas.0806368105
http://www.ncbi.nlm.nih.gov/pubmed/18987318
http://www.ncbi.nlm.nih.gov/pubmed/12887256
http://dx.doi.org/10.1073/pnas.0912883107
http://dx.doi.org/10.1073/pnas.0912883107
http://www.ncbi.nlm.nih.gov/pubmed/20404180
http://www.ncbi.nlm.nih.gov/pubmed/18051647
http://dx.doi.org/10.1126/science.1258268
http://dx.doi.org/10.1126/science.1258268
http://www.ncbi.nlm.nih.gov/pubmed/25359973
http://dx.doi.org/10.1073/pnas.1307356110
http://www.ncbi.nlm.nih.gov/pubmed/24003137
http://edc.usgs.gov/products/elevation/gtopo30/gtopo30.html
http://edc.usgs.gov/products/elevation/gtopo30/gtopo30.html
http://www.ipcc.ch/pdf/supporting-material/expert-meeting-report-scenarios.pdf
http://www.ipcc.ch/pdf/supporting-material/expert-meeting-report-scenarios.pdf
http://sedac.ipcc-data.org/ddc/ar5_scenario_process/RCPs.html
http://sedac.ipcc-data.org/ddc/ar5_scenario_process/RCPs.html
http://www.ncbi.nlm.nih.gov/pubmed/19449681
http://dx.doi.org/10.1111/j.1523-1739.2007.00852.x
http://www.ncbi.nlm.nih.gov/pubmed/18254859
http://www.ncbi.nlm.nih.gov/pubmed/12226677


71. Mitchell TD. Pattern scaling: An examination of the accuracy of the technique for describing future cli-
mates. Clim Change. 2003; 60: 217–242.

72. Solomon S, Plattner G-K, Knutti R, Friedlingstein P. Irreversible climate change due to carbon dioxide
emissions. Proc Natl Acad Sci USA. 2008; 106: 1704–1709.

73. IPCC. Climate Change 2001: Synthesis Report. 2001: 1–34. Available: http://www.ipcc.ch/pdf/climate-
changes-2001/synthesis-spm/synthesis-spm-en.pdf.

74. Seager R, Ting M, Held I, Kushnir Y, Lu J, Vecchi G, et al. Model projections of an imminent transition
to a more arid climate in southwestern North America. Science. 2007; 316: 1181–1184 PMID:
17412920

75. Gao X, Giorgi F. Increased aridity in the Mediterranean region under greenhouse gas forcing estimated
from high resolution simulations with a regional climate model. Global Planetary Change. 2008; 62:
195–209.

76. Ljungqvist FC, Krusic PJ, Sundqvist HS, Zorita E, Brattström G, et al. Northern Hemisphere hydrocli-
mate variability over the past twelve centuries. Nature. 2016; 532: 94–98. doi: 10.1038/nature17418
PMID: 27078569

77. Feng X, Porporato A, Rodriguez-Iturbe I. Changes in rainfall seasonality in the tropics. Nature Climate
Change 2013; 3: 811–815.

78. Rosenblum EB, James TY, Zamudio KR, Poorten TJ, Ilut D, Rodriguez D, et al. Complex history of the
amphibian-killing chytrid fungus revealed with genome resequencing data. Proc Natl Acad Sci USA.
2013; 110: 9385–9390. doi: 10.1073/pnas.1300130110 PMID: 23650365

79. Mora C, Frazier AG, Longman RJ, Dacks RS, Walton MM, Tong EJ, et al. The projected timing of cli-
mate departure from recent variability. Nature. 2013; 502: 183–187. doi: 10.1038/nature12540 PMID:
24108050

80. Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CB, Ackerly DD. The velocity of climate change.
Nature 2009; 462: 1052–1055. doi: 10.1038/nature08649 PMID: 20033047

81. Carey C, Cohen N, Rollins-Smith L. Amphibian declines: An immunological perspective. Dev Comp
Immunol. 1999; 23: 459–472. PMID: 10512457

82. Rojas S, Richards K, Jancovich JK. Davidson EW. Influence of temperature on Ranavirus infection in
larval salamanders Ambystoma tigrinum. Dis Aquat Org. 2005; 63: 95–100. PMID: 15819423

83. Raffel TR, Rohr JR, Kiesecker JM, Hudson PJ. Negative effects of changing temperature on amphibian
immunity under field conditions. Funct Ecol. 2006; 20: 819–828.

84. Kilpatrick AM, Briggs CJ, Daszak P. The ecology and impact of chytridiomycosis: An emerging disease
of amphibians. Trends Ecol Evol. 2010; 25: 109–118. doi: 10.1016/j.tree.2009.07.011 PMID: 19836101

85. Blaustein AR, Han BA, Relyea RA, Johnson PTJ, Buck JC, Gervasi SS, et al. The complexity of
amphibian population declines: understanding the role of cofactors in driving amphibian losses. Ann
NY Acad Sci. 2011; 1223: 108–119. doi: 10.1111/j.1749-6632.2010.05909.x PMID: 21449968

86. Rohr JR, Raffel TR, Blaustein AR, Johnson PTJ, Paull SH, Young S. Using physiology to understand
climate-driven changes in disease and their implications for conservation. Conserv Physiol. 2013; 1: 1–
15: doi: 10.1093/conphys/cot022

Amphibian Chytrid Fungus (Bd) Climate Futures

PLOS ONE | DOI:10.1371/journal.pone.0160746 August 11, 2016 21 / 21

http://www.ipcc.ch/pdf/climate-changes-2001/synthesis-spm/synthesis-spm-en.pdf
http://www.ipcc.ch/pdf/climate-changes-2001/synthesis-spm/synthesis-spm-en.pdf
http://www.ncbi.nlm.nih.gov/pubmed/17412920
http://dx.doi.org/10.1038/nature17418
http://www.ncbi.nlm.nih.gov/pubmed/27078569
http://dx.doi.org/10.1073/pnas.1300130110
http://www.ncbi.nlm.nih.gov/pubmed/23650365
http://dx.doi.org/10.1038/nature12540
http://www.ncbi.nlm.nih.gov/pubmed/24108050
http://dx.doi.org/10.1038/nature08649
http://www.ncbi.nlm.nih.gov/pubmed/20033047
http://www.ncbi.nlm.nih.gov/pubmed/10512457
http://www.ncbi.nlm.nih.gov/pubmed/15819423
http://dx.doi.org/10.1016/j.tree.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19836101
http://dx.doi.org/10.1111/j.1749-6632.2010.05909.x
http://www.ncbi.nlm.nih.gov/pubmed/21449968
http://dx.doi.org/10.1093/conphys/cot022


Fig. S1. Global site records for the amphibian chytrid fungus, Batrachochytrium dendrobatidis.



S1 Table. Input features in the random forest models and their definitions. Values were 

extracted for each coordinate for each year during 2000–2010, then averaged over the period.  

Variable name Definition Units 

mean_temp mean annual temperature  °C 

high_mean highest monthly average temperature in a year °C 

low_mean lowest monthly average temperature in a year °C 

mean_max annual mean of mean monthly maximum daily temperature  °C 

high_max annual maximum of mean monthly maximum daily temperature  °C 

low_max annual minimum of mean monthly maximum daily temperature  °C 

mean_min annual mean of mean monthly minimum daily temperature  °C 

high_min annual maximum of mean monthly minimum daily temperature  °C 

low_min annual minimum of mean monthly minimum daily temperature  °C 

t_range  high_max – low_min °C 

mean_pre annual mean of monthly precipitation  mm 

high_pre annual maximum of monthly precipitation  mm 

low_pre annual minimum of monthly precipitation mm 

elevation the altitude of a site  m 

eng_dec_in whether the site has documented enigmatic amphibian declines 0/1 

sp_rich estimated number of amphibian species at the site [number] 

biome biome designation at site  [categorical 

type] 

 



S2 Table. Regional samples sizes (sites per region) for the amphibian chytrid fungus 

(Batrachochytrium dendrobatidis, Bd), chytrid occurrence probabilities, and validation 

results based on random forest models trained on combined worldwide data. AUC = area 

under the receiver-operator curve. 

Region 

Sample size 

(no. sites) % Bd-detected sites Mean accuracy AUC 

Africa 333 0.3544 0.9550 0.9886 

Asia 419 0.1718 0.9761 0.9981 

Australasia 847 0.4451 0.8737 0.9488 

Caribbean 28 0.6429 1.0000 1.0000 

Central America 27 0.6296 0.9630 1.0000 

Europe 770 0.3039 0.8623 0.9458 

North America 2333 0.4483 0.8933 0.9635 

South America 210 0.5429 0.9429 0.9938 

 



S3 Table. Mean accuracy and area under the receiver-operator curve (AUC) for each 

region based on separate random forest models trained on amphibian chytrid fungus 

(Batrachochytrium dendrobatidis) data from each region.  

Region Mean accuracy 
Standard deviation 

(mean accuracy) AUC s.d. (AUC) 

Africa 0.998126 0.001111 0.976451 0.009383 

Asia 0.999541 0.000468 0.983954 0.007389 

Australasia 0.99115 0.002234 0.950904 0.008226 

Europe 0.997332 0.001014 0.965998 0.006929 

North America 0.977234 0.002675 0.914089 0.006598 

South America 0.99725 0.001883 0.97518 0.012991 

 


