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ABSTRACT

Aim We use novel data on the occurrence of the amphibian chytrid fungus
Batrachochytrium dendrobatidis in Costa Rica to model its potential distribution in
that country.
Location Lowland and montane areas of Costa Rica.
Methods We use published and new data on the presence of B. dendrobatidis
on 647 amphibians (35 species). Screening was performed through histological
techniques by which 156 sites were surveyed. Of these, 21 were found to have the
amphibian chytrid. Maxent, a presence-only distribution modelling technique, was
used to create 100 predictions of B. dendrobatidis occurrence, of which the most
accurate 10 (based on area under the receiver-operating characteristic curve) were
chosen to create a composite distribution model. This approach increased confidence
in model predictions, distinguishing areas of high probability of occurrence and low
variability across model runs (higher confidence) from those with high probability
but high variability (lower confidence).
Results Predicted distribution patterns were not uniform along Costa Rica’s mountains,
where most amphibian declines have occurred. The pathogen was predicted to occur
with greater probability on the Caribbean slopes than on the Pacific slopes. While
high temperature seems to constrain the distribution of the pathogen, areas that also
have small amounts of rainfall during the driest period of the year were predicted to
have low probability of B. dendrobatidis occurrence.
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Main conclusions The model predicts that the Santa Elena Peninsula and the
Central Valley have low probabilities of B. dendrobatidis occurrence, suggesting that
they could function as refuges for amphibians. In such refugial areas, one could
expect B. dendrobatidis to be absent, or to be present in low abundance (rendering
an epidemic outbreak of chytridiomycosis unlikely). Craugastor ranoides, which belongs
to a group of frogs particularly sensitive to chytridiomycosis outbreaks, persists in
the hot and seasonally dry Santa Elena Peninsula but disappeared in the nearby
colder and more humid Guanacaste Volcanic Chain. This information suggests that
climatic refuges, where environmental conditions prevent disease outbreaks, could
be an important component in amphibian conservation.
Keywords
Amphibian declines, Batrachochytrium dendrobatidis, Costa Rica, climatic refuge,
Guanacaste, Maxent.
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INTRODUCTION
Amphibians are now considered the most threatened group of
vertebrates, with a significant proportion of species declining in
seemingly undisturbed habitats (Wake, 1991; Stuart et al., 2004).
Costa Rica has several examples of such enigmatic declines,
including the well-documented amphibian population collapse
observed in Monteverde (Pounds & Crump, 1994; Pounds et al.,
1997), where 40% of the frog species disappeared in a short
period of time. Unexplained extirpations of several amphibian
species have also occurred at Las Tablas, located southeast of
Monteverde (Lips, 1998). Amphibian populations distributed
throughout most of the country’s montane areas (> 500 m above
sea level, or a.s.l.) have followed a similar pattern, with 13 species
suffering significant population declines and 10 species not being
reported for more than a decade (Bolaños, 2002).
Many enigmatic amphibian declines worldwide have been
associated with outbreaks of the chytrid fungus Batrachochytrium
dendrobatidis (Berger et al., 1998; Bosch et al., 2001; Collins &
Storfer, 2003; Lips et al., 2003; La Marca et al., 2005; MerinoViteri et al., 2006). In amphibians, B. dendrobatidis causes the
disease known as chytridiomycosis (Berger et al., 1998; Longcore
et al., 1999). Field evidence from El Copé, Panama, showed
that an outbreak of chytridiomycosis in a community of frogs
that previously appeared to be pathogen-free led to a dramatic
increase in amphibian mortality and the collapse of many local
populations (Lips et al., 2006). Temperature (Woodhams et al.,
2003; Piotrowski et al., 2004; Woodhams et al., 2008) and moisture (Johnson et al., 2003) have been suggested as two important
environmental factors influencing growth and survival of
B. dendrobatidis under laboratory conditions. Seasonal variation
of both temperature and humidity has been likewise suggested
to control the prevalence of the pathogen and the timing of
chytridiomycosis outbreaks in the wild (Bradley et al., 2002;
Berger et al., 2004; Retallick et al., 2004; McDonald et al., 2005;
Woodhams & Alford, 2005; Kriger & Hero, 2006).
Knowledge of the ecological and geographical limits of
B. dendrobatidis is important for amphibian conservation. In the
absence of knowledge necessary to mechanistically model disease
dynamics or the distribution of B. dendrobatidis, correlative
modelling approaches can be applied. These approaches assume
that correlative associations between the sites where a species
occurs and the environmental conditions at those sites provide
useful information regarding the ecological requirements of the
modelled species. This permits predictions of potential amphibian
refugial areas, where environmental variables could limit pathogen
impact on amphibian species.
A global predictive model of the potential distribution of
B. dendrobatidis already exists (Ron, 2005). Ron’s (2005) model
was of critical importance at the time of its publication, motivating
inventories in previously unexplored regions (e.g. Carnaval et al.,
2006; Puschendorf et al., 2006b). However, that model was
developed under a relatively coarse resolution (2.5 min latitude and
longitude) and over a larger geographical extent, not permitting
the finer scale study aimed by the present paper. As evidence of
the role of the chytrid fungus in amphibian declines accumulates,
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it has become evident that there is a need for models with finer
resolution, particularly in topographically complex countries
such as Costa Rica. These models will also profit from the inclusion
of additional information on the occurrence of B. dendrobatidis
generated after Ron’s (2005) study.
We used Maxent (Phillips et al., 2006) to create climate-based
models of the potential distribution of B. dendrobatidis in Costa
Rica, based on a set of eight environmental layers that reflect factors
known to constitute potential environmental constraints known
for this fungus. Despite being a relatively novel approach in
species modelling, Maxent has been shown to outperform other
methods traditionally used in this type of study (Elith et al.,
2006) and is accurate even when models are created with small
sample sizes (Hernandez et al., 2006; Phillips et al., 2006; Wisc
et al., 2008). Given that our predictions were generated from a
relatively small data set, we incorporated uncertainty by generating
a summary map with average likelihoods of pathogen occurrence
across the 10 most accurate models, as well as a map depicting
the variability among model predictions. This approach allowed
us to distinguish between areas where the pathogen was predicted
to be found with great confidence (i.e. areas of high predictability
and low variability among the best runs) and areas showing
high average probability, but also high variability among models.
To test whether environmental factors previously proposed
to have greater effects on the pathogen also had greater influence
in our models, we quantified the influence of each environmental
layer on the models created (Phillips et al., 2006).
METHODS
Species records and environmental layers
We used information about the occurrence of B. dendrobatidis
in Costa Rica based on literature records (Lips et al., 2003;
Puschendorf, 2003; Pounds et al., 2006; Puschendorf & Bolaños,
2006; Puschendorf et al., 2006a) and new histological data.
Thirty-five amphibian species and 647 individuals were screened
for B. dendrobatidis (see Appendices S1–S3 in Supporting
Information). The resulting data set included 156 localities, 21 of
which corresponded to sites of B. dendrobatidis occurrence. The
sampled sites represented all of Costa Rica’s ecosystems, with the
exception of the higher elevations of the Talamanca mountain
range (Fig. 1).
Based on current knowledge of potential limiting factors for
B. dendrobatidis, we used the following eight climatic layers to
predict its distribution in the country: mean annual temperature, coefficient of variation of monthly temperature, maximum
temperature of the warmest month, minimum temperature of
the coldest month, mean annual precipitation, coefficient of
variation of monthly precipitation, precipitation of the wettest
month, and precipitation of the driest month. We obtained these
data as environmental layers at 30 s (~1 km) resolution, which
were downloaded from the WorldClim (version 1.4) data set
(Hijmans et al., 2005). We cropped the layers to include only
Costa Rica and a small area of Nicaragua and Panama (N 7.750–
11.500, W 82.150–86.250).
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Figure 1 Map of localities where Batrachochytrium dendrobatidis was surveyed in Costa Rica. Dark circles depict areas in which the fungus was
found to occur. Geographical regions of interest (and discussed in the text) are also shown.

Niche modelling
We created distribution models using Maxent, a species distribution modelling program that uses a maximum entropy algorithm
to make predictions from presence-only data (Phillips et al.,
2006; beta version 3.0.4). The use of presence-only data is crucial
in chytrid models as to avoid possible complications due to false
negatives, which are commonly observed in histological assays
(Puschendorf & Bolaños, 2006) and which could also be caused
by temporal variation in pathogen prevalence (Berger et al.,
2004; McDonald et al., 2005; Woodhams & Alford, 2005).
Because testing the accuracy of a proposed distribution model
of B. dendrobatidis is key for conservation purposes, and given
that our training data set was small, we designed our analysis to
examine the sensitivity of our conclusions to the choice of positive sites used in model training. To that end we generated 100
models in total. For each model, we split the original occurrence
data set into two sets: a training set with 75% (16 out of 21 localities)
of the positive sites, which were randomly selected, and a testing
set with the remaining 25% (five localities). From these 100
models, we chose the 10 most robust models as defined by the
area under the receiver-operating characteristic curve (AUC of

the testing data; Hanley & McNeil, 1982; Elith et al., 2006) for
further analysis and discussion.
Based on the 10 most robust models, we estimated the
mean and the standard deviation of Maxent’s raw probability of
B. dendrobatidis occurrence at each grid cell. These values
serve as a proxy for the mean likelihood that an area contains
B. dendrobatidis-infected frogs and describe the variability
among models generated from different subsamples of the total
data set, respectively.
To gain insight about the factors determining the distribution
patterns of B. dendrobatidis in Costa Rica, we examined the contribution of each environmental variable to the models generated
by Maxent. This value is provided by Maxent, which quantifies
and sums the contribution of every environmental layer in each
iteration of its training runs. We examined the mean and standard
deviation of the contribution of each environmental layer to the
10 best models.
RESULTS
The accuracy of the modelled distributions of B. dendrobatidis
was better than random (AUC based on the testing data of 100
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Table 1 Analysis of variable contribution in the 10 best model
runs.

Environmental layer

Average gain
(standard deviation)

Precipitation of the driest period
Annual mean temperature
Minimum temperature of the coldest period
Annual precipitation
Precipitation of the wettest period
Precipitation seasonality
Temperature seasonality
Maximum temperature of the coldest period

49.89
40.55
3.54
2.84
1.82
1.17
0.15
0.03

(± 6.90)
(± 7.07)
(± 1.72)
(± 2.58)
(± 1.50)
(± 2.55)
(± 0.22)
(± 0.09)

contrast, on the slope facing towards the Pacific region, a significant
decrease in suitability was predicted with increasing altitude, and
predicted probabilities of occurrence were much lower than in
any site located on the Caribbean side (Fig. 2). In general, the
Pacific slopes in Costa Rica were predicted to be much less suitable
for B. dendrobatidis. Also the likelihood of occurrence in the
Caribbean lowlands seems to be much higher than in the Pacific
lowlands. The largest continuous area predicted to be unsuitable
for B. dendrobatidis in Costa Rica was the Pacific Northwest.
DISCUSSION

runs 0.7994 ± 0.0742, AUC based on the testing data of 10 most
accurate 0.9260 ± 0.0166). Precipitation of the driest period and
annual mean temperature had the greatest contribution in defining areas of B. dendrobatidis occurrence in Costa Rica (Table 1).
While much of the mountainous and foothill regions of the
country were often predicted as suitable for B. dendrobatidis, the
likelihood of occurrence in these areas varied greatly among
regions and models (Fig. 2). In the volcano peaks of the northwestern region (Guanacaste Volcanic Chain), suitable habitat for
B. dendrobatidis appears to increase with altitude equally on
both slopes. This pattern changes further south. Sites in the
Central Caribbean Slopes (east of Chompipe) were consistently
modelled as having high suitability for B. dendrobatidis
occurrence (i.e. showing large likelihood of occurrence and low
variability across models), even those located near sea level. In

Predicting the occurrence of a pathogen capable of causing mass
mortality in amphibian communities (Berger et al., 1998;
Lips et al., 2006) can be challenging in an area as biologically and
topographically diverse as Costa Rica. This is particularly true for
models of B. dendrobatidis, about which only basic information
is available. A precautionary approach therefore seems warranted
when generating distribution models of B. dendrobatidis, and
interpreting their results. In order to create robust predictions
about its distribution in Costa Rica and account for model uncertainty, we decided neither to use all known chytrid occurrence
points as training data, nor to use the single most accurate
Maxent run (i.e. that with the highest AUC value). Instead, we
produced 100 models based on random subsets of the data and
generated a map based on a subset of the 10 models with the
highest AUC values (Hanley & McNeil, 1982). This enabled us
to recognize not only regions predicted to have high or low
suitability for the pathogen, but also to estimate the level of
uncertainty in the models. Some areas were predicted to have
high suitability for B. dendrobatidis with low variance across 10

Figure 2 Average probability of occurrence (left) and standard deviation (right) based on 10 best models of Batrachochytrium dendrobatidis
occurrence in Costa Rica. Known decline sites are also depicted in the map as solid black symbols.
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Figure 3 Plots of the environmental space of the study area (grey circles), surveyed sites (orange circles depict sites where Batrachochytrium
dendrobatidis was detected, blue circles represent sites where the pathogen was not detected) and the area of one proposed refuge (known
Craugastor ranoides sites in Santa Elena Peninsula, red triangle).

best models; we are highly confident that these areas are suitable
for the pathogen. Other areas were predicted to have high suitability by some of the 10 best models, but not by others; the
higher variance among models reduces our confidence that those
areas are truly suitable for B. dendrobatidis. Most importantly,
some areas were consistently predicted to have low suitability for
the pathogen; we propose that these areas serve as environmental
refugia for amphibians.
In Costa Rica, most areas above 500 m asl were predicted to be
suitable for B. dendrobatidis: this is congruent with local patterns
of amphibian declines (Pounds et al., 1997; Lips, 1998; Bolaños,
2002) and with decline records throughout Central America
(Young et al., 2001, Fig. 3). However, not all regions suitable for
B. dendrobatidis were located at high elevations. For instance,
the fungus is known to coexist with apparently stable frog
populations in the lowlands of Costa Rica (Puschendorf et al.,
2006a). In these areas our models predicted the pathogen to
occur with high probability and, in some areas, low variability
across models. These data counter the common misconception
that B. dendrobatidis is unable to occupy and move through
lowland areas of Central and South America (e.g. Lips et al.,
2008) and call for a re-examination of the routes of spread and
spatiotemporal patterns of B. dendrobatidis dispersal recently
proposed for the region (Lips et al., 2008).
Warm sites located in the Central and Northern Pacific coast
of Costa Rica were consistently predicted to have low suitability
to B. dendrobatidis. This is in direct agreement with observations
from North America and Australia, where infection prevalence
is lower at low elevations and during the (warm) summer
(conversely, most mortality events occur during the winter,
when temperatures are lower; Bradley et al., 2002; Berger et al.,

2004; Retallick et al., 2004; McDonald et al., 2005; Woodhams
& Alford, 2005). Because local environmental conditions in
Costa Rica seem to render several areas of the Pacific coast
unfavourable to the pathogen, we propose their recognition as
potential refuges for chytrid-susceptible amphibian species.
Of particular interest is the hot and dry Santa Elena Peninsula,
in the Guanacaste Conservation Area (Figs 1 and 2). Several
streams in this region constitute the last known habitat of
Craugastor ranoides (Sasa & Solórzano, 1995; Puschendorf et al.,
2005; Zumbado-Ulate et al., 2007), a species once commonly
distributed throughout the country and which has declined at all
elevations throughout the remainder of its range in Costa Rica.
By examining the temperature and precipitation of each sampled
and infected locality found by the present study, it is clear that the
climatic profile of the areas where C. ranoides occurs in Santa
Elena does not overlap with that of any infected site (Fig. 3).
Moreover, Santa Elena is located at the edge of the environmental
space included in our models. Similarly to C. ranoides, several
populations of Agalychnis annae declined in the Central Volcanic
Chain, but persist in the warmer and drier Central Valley, mostly
in coffee plantations (F. Bolaños and G. Chaves, unpublished data).
This region is also predicted by our models to be unsuitable for
B. dendrobatidis (Fig. 2) and could likewise be functioning as a
refuge for local frogs.
An examination of the contributions of each environmental
variable towards model prediction suggests that both temperature
and precipitation influence the distribution of B. dendrobatidis
(Table 1). This is consistent with the biology of the organism,
which seems to be adapted to an aquatic environment and not
tolerant to desiccation (Johnson et al., 2003). The joint roles of
temperature and humidity are also highly consistent with the
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patterns of predicted B. dendrobatidis occurrence across Costa
Rica’s Caribbean and Pacific versants. The origin of this pattern
might lie in the different humidity regimes experienced on these
coasts. The Pacific versant has lower precipitation during the
driest period as compared to the Caribbean slopes. Cold fronts
arrive during the northern hemisphere’s winter months, producing
increased rainfall on the Caribbean foothills and mountains.
However, this phenomenon has a reverse effect on the Pacific
area, producing a dry period extending from November to April
(Herrera, 1985). The difference between these areas is even
stronger in the lowlands, which is also reflected in the predicted
distribution maps. In the Australian Wet Tropics, McDonald
et al. (2005) reported a decline in pathogen prevalence from the
years 2000 to 2002, noting a potential relationship with the
decreased precipitation observed during those years. This supports
our suggestion that the disease dynamics and distribution of the
amphibian chytrid are affected not by temperature alone, but by
an interaction between temperature and rainfall or humidity.
Because histology can have a high rate of false negatives
(Puschendorf & Bolaños, 2006) and low sensitivity when
compared to other techniques (Hyatt et al., 2007), one could
suggest that the apparent low predictability of B. dendrobatidis
occurrence in the Pacific versant may be a result of incomplete
and insufficient sampling. However, a simple comparison of
the numbers of infected individuals between the Caribbean and
the Pacific sides of Costa Rica based on the most intensely sampled
species occurring from low to mid-elevations (Craugastor fitzingeri)
shows a significant difference in prevalence (χ2 = 14.152, DF = 1,
P = 0.0002, see Appendix S3).
Amphibian declines linked to outbreaks of B. dendrobatidis
have received a great amount of attention, with suggestions for
captive breeding as a pivotal conservation strategy to preserve
threatened species (Mendelson et al., 2006). In most cases, captive
breeding is only a short-term solution; other conservation
measures need to be examined. Further studies are needed to
validate the hypothesis that the persistence of C. ranoides in the
Santa Elena Peninsula and of A. annae in the Central Valley are
explained by local climatic conditions that render these regions
unsuitable for B. dendrobatidis or prevent high prevalence
and virulence of the fungus. However, the data indicate that the
consideration of potential climatic refugial areas may have an
important role in amphibian conservation. To that end, distribution models can be invaluable tools to identify regions whose
climatic profiles hinder chytrid outbreaks. Management activities
that aim to protect natural habitats in regions that are similarly
unfavourable to the amphibian chytrid could be important in
Middle America and elsewhere.
This discussion also raises the issue of the biological impacts of
climate change, which can be not only detrimental to local frog
populations, but also alter the location of potential refuges as
proposed. Unfortunately, refuge stability is difficult to predict.
Enquist (2002) modelled different future climate change scenarios
for Costa Rica and concluded that dry forest areas (such as those
in Santa Elena) should be more sensitive to temperature and
precipitation changes than most other biomes. For example,
a drier climate could change the hydrology of the area, threatening
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the survival of stream-dwelling frogs such as C. ranoides. Conversely, a moister and cloudier environment could tilt the balance
towards the pathogen, through mechanisms similar to those
suggested for other mountainous areas in the region (Pounds &
Puschendorf, 2004; Pounds et al., 2006). While a novel idea and
worthy of attention, climatic refuge protection for frog species
will hence be effective only if we take climate and land use change
in consideration for management purposes in amphibian conservation research projects worldwide.
ACKNOWLEDGEMENTS
RP is supported by an International Postgraduate Research
Scholarship from the Australian Department of Education,
Science and Training, by the School of Marine and Tropical
Biology, James Cook University and by a research contract
from the Australian Department of the Environment and
Water Resources. AC is supported by NSF Postdoctoral Award
no. 0512013. JV is supported by the research advancement
program from James Cook University. We thank the Museum of
Vertebrate Zoology of the University of California at Berkeley
for access to their collection. L.F. Skerratt, J.J.L. Rowley and
J. Voyles provided comments on early versions of this manuscript.
This is a contribution of the Museo de Zoología, Universidad de
Costa Rica.
REFERENCES
Berger, L., Speare, R., Daszak, P., Green, D.E., Cunningham,
A.A., Goggin, C.L., Slocombe, R., Ragan, M.A., Hyatt, A.D.,
McDonald, K.R., Hines, H.B., Lips, K.R., Marantelli, G. &
Parkes, H. (1998) Chytridiomycosis causes amphibian mortality
associated with population declines in the rain forests of
Australia and Central America. Proceedings of the National
Academy of Science USA, 95, 9031–9036.
Berger, L., Speare, R., Hines, H.B., Marantelli, G., Hyatt, A.D.,
McDonald, K.R., Skerratt, L.F., Olsen, V., Clarke, J.M.,
Gillespie, G., Mahony, M., Sheppard, N., Williams, C. & Tyler,
M.J. (2004) Effect of season and temperature on mortality in
amphibians due to chytridiomycosis. Australian Veterinary
Journal, 82, 434–439.
Bolaños, F. (2002) Anfibios en retirada. Ambientico, 107, 12–13.
Bosch, J., Martínez-Solano, I. & García-París, M. (2001)
Evidence of a chytrid fungus infection involved in the decline
of the common midwife toad (Alytes obstetricans) in protected
areas of central Spain. Biological Conservation, 97, 331–
337.
Bradley, G.A., Rosen, P.C., Sredl, M.J., Jones, T.R. & Longcore,
J.E. (2002) Chytridiomycosis in native Arizona frogs. Journal of
Wildlife Diseases, 38, 206–212.
Carnaval, A.C.Q., Puschendorf, R., Peixoto, O.L., Verdade, V.K.
& Rodrigues, M.T. (2006) Amphibian chytrid fungus broadly
distributed in the Brazilian Atlantic Rain forest. EcoHealth, 3,
41–48.
Collins, J.P. & Storfer, A. (2003) Global amphibian declines:
sorting the hypotheses. Diversity and Distributions, 9, 89– 98.

© 2008 The Authors
Diversity and Distributions, Journal compilation © 2008 Blackwell Publishing Ltd

Distribution models for the amphibian chytrid in Costa Rica
Elith, J., Graham, C.H., Anderson, R.P., Miroslav, D., Ferrier, S.,
Guisan, A., Hijmans, R.J., Huetmann, F., Leathwick, J.R.,
Lehmann, A., Li, J., Loohmann, L.G., Loiselle, B.A., Manion,
G., Moritz, C., Nakamura, M., Nakazawa, Y., Overton, J.M.,
Peterson, A.T., Phillips, S.J., Richardson, K., Scachetti-Pereira,
R., Schapire, R.E., Sobrerón, J., Williams Stephen, E., Wisz,
M.S. & Zimmerman, N.E. (2006) Novel methods improve
prediction of species’ distributions from occurrence data.
Ecography, 29, 129 –151.
Enquist, C.A.F. (2002) Predicted regional impacts of climate change
on the geographical distribution and diversity of tropical
forests in Costa Rica. Journal of Biogeography, 29, 519 –534.
Hanley, J.A. & McNeil, B.J. (1982) The meaning and use of the
area under a receiver operating characteristic (ROC) curve.
Radiology, 143, 29 –36.
Hernandez, P.A., Graham, C.H., Master, L.L. & Albert, D.L.
(2006) The effect of sample size and species characteristics
on performance on different species distribution methods.
Ecography, 29, 773 –785.
Herrera, W. (1985) Clima de Costa Rica. EUNED, San José, Costa
Rica.
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A.
(2005) Very high resolution interpolated climate surfaces for
global areas. International Journal of Climatology, 25, 1965–
1978.
Hyatt, A.D., Boyle, D.G., Olsen, V., Boyle, D.B., Berger, L.,
Obendorf, D., Dalton, A., Kriger, K.M., Hero, M., Hines, H.,
Phillott, R., Campbell, R., Marantelli, G., Gleason, G. &
Colling, A. (2007) Diagnostic assays and sampling protocols
for the detection of Batrachochytrium dendrobatidis. Diseases
of Aquatic Organisms, 73.
Johnson, M.L., Berger, L., Philips, L. & Speare, R. (2003) Fungicidal
effects of chemical disinfectants, UV light, desiccation and
heat on the amphibian chytrid Batrachochytrium dendrobatidis.
Diseases of Aquatic Organisms, 57, 255 –260.
Kriger, K.M. & Hero, J.-M. (2006) Large-scale seasonal variation
in the prevalence and severity of chytridiomycosis. Journal of
Zoology, 3, 352 –359.
La Marca, E., Lips, K.R., Lötters, S., Puschendorf, R., Ibáñez, R.,
Rueda-Almonacid, J.V., Schulte, R., Marty, C., Castro, F.,
Manzanilla-Puppo, J., García-Pérez, J.E., Bolaños, F., Chaves,
G., Pounds, J.A., Toral, E. & Young, B.E. (2005) Catastrophic
population declines in Neotropical Harlequin frogs (Bufonidae:
Atelopus). Biotropica, 37, 190 –201.
Lips, K.R. (1998) Decline of a tropical montane amphibian
fauna. Conservation Biology, 12, 106 –117.
Lips, K.R., Green, D.E. & Papendick, R. (2003) Chytridiomycosis
in wild frogs from southern Costa Rica. Journal of Herpetology,
37, 215 –218.
Lips, K.R., Brem, F., Brenes, R., Reeve, J.D., Alford, R.A., Voyles, J.,
Carey, C., Livo, L., Pessier, A.P. & Collins, J.P. (2006) Emerging
infectious disease and the loss of biodiversity in a Neotropical
amphibian community. Proceedings of the National Academy of
Sciences USA, 103, 3165 –3170.
Lips, K.R., Diffendorf, J., Mendelson,J.R. & IIISears, M.W.
(2008) Riding the wave: reconciling the roles of disease and

climate change in amphibian declines. PLoS Biology, 6, 0441–
0453.
Longcore, J.E., Pessier, A.P. & Nichols, D.K. (1999) Batrachochytrium dendrobatidis gen. et. sp. nov., a chytrid pathogenic to
amphibians. Mycologia, 91, 219–227.
McDonald, K.R., Méndez, D., Müller, R., Freeman, A.B. & Speare, R.
(2005) Decline in the prevalence of chytridiomycosis in frog
populations in North Queensland, Australia. Pacific Conservation
Biology, 11, 114–120.
Mendelson, J.R. III, Lips, K.R., Gagliardo, R.W., Rabb, G.B.,
Collins, J.P., Diffendorfer, J.E., Daszak, P., Ibáñez, D., R. Zippel,
K.C., Lawson, D.P., Wright, K.M., Stuart, S.N., Gascon, C., Da
Silva, H.R., Burrowes, P.A., Joglar, R.L., La Marca, E., Lötters,
S., Du Preez, L.H., Weldon, C., Hyatt, A., Rodriguez-Mahecha,
J.V., Hunt, S., Robertson, H., Lock, B., Raxworthy, C.J., Frost,
D.R., Lacy, R.C., Alford, R.A., Campbell, J.A., Parra-Olea, G.,
Bolaños, F., Calvo Domingo, J.J., Halliday, T., Murphy, J.B.,
Wake, M.H., Coloma, L.A., Kuzmin, S.L., Price, M.S., Howell,
K.M., Lau, M., Pethiyagoda, R., Boone, M., Lannoo, M.J.,
Blaustein, A.R., Dobson, A., Griffiths, R.A., Crump, M.L.,
Wake, D.B. & Brodie, E.D. Jr (2006) Biodiversity: confronting
amphibian declines and extinctions. Science, 313, 48.
Merino-Viteri, A., Coloma, L.A. & Almendariz, A. (2006) Los
Telmatobius de los Andes de Ecuador y su disminución
poblacional. Monografías de Herpetología, 7, 9–37.
Phillips, S.J., Anderson, R.P. & Schapire, R.E. (2006) Maximum
entropy modelling of species geographic distributions.
Ecological Modelling, 190, 231–259.
Piotrowski, J., Annis, S. & Longcore, J.E. (2004) Physiology of
Batrachochytrium dendrobatidis, a chytrid pathogen of amphibians.
Mycologia, 96, 9–15.
Pounds, J.A. & Crump, M.L. (1994) Amphibian declines and
climate disturbance: the case of the golden toad and the
harlequin frog. Conservation Biology, 8, 72–85.
Pounds, J.A. & Puschendorf, R. (2004) Ecology: clouded futures.
Nature, 427, 107–109.
Pounds, J.A., Fogden, M.P.L., Savage, J.M. & Gorman, G.C. (1997)
Tests of null models for amphibian declines on a tropical
mountain. Conservation Biology, 11, 1307–1322.
Pounds, J.A., Bustamante, M.R., Coloma, L.A., Consuegra, J.A.,
Fogden, M.P., Foster, P.N., La Marca, E., Masters, K.L.,
Merino-Viteri, A., Puschendorf, R., Ron, S.R., SánchezAzofeifa, G.A., Still, C.J. & Young, B.E. (2006) Widespread
amphibian extinctions from epidemic disease driven by global
warming. Nature, 439, 161–167.
Puschendorf, R. (2003) Atelopus varius (harlequin frog) fungal
infection. Herpetological Review, 34, 355.
Puschendorf, R. & Bolaños, F. (2006) Detection of Batrachochytrium dendrobatidis infections in Eleutherodactylus
fitzingeri: effects of stains and body parts used. Journal of
Wildlife Diseases, 42, 301–306.
Puschendorf, R., Chaves, G., Crawford, A.J. & Brooks, D.R.
(2005) Eleutherodactylus ranoides (NCN). Dry forest population, refuge from decline? Herpetological Review, 36, 53.
Puschendorf, R., Bolaños, F. & Chaves, G. (2006a) The amphibian
chytrid fungus along an altitudinal transect before the first reported

© 2008 The Authors
Diversity and Distributions, Journal compilation © 2008 Blackwell Publishing Ltd

7

R. Puschendorf et al.
declines in Costa Rica. Biological Conservation, 132, 136–
142.
Puschendorf, R., Castañeda, F. & McCranie, J.R. (2006b)
Chytridiomycosis in wild frogs from Pico Bonito National
Park, Honduras. EcoHealth, 3, 178 –181.
Retallick, R.W.R., McCallum, H. & Speare, R. (2004) Endemic
infection of the amphibian chytrid fungus in a frog community
post-decline. PLoS Biology, 2, 1965 –1971.
Ron, S. (2005) Predicting the distribution of the amphibian
pathogen Batrachochytrium dendrobatidis in the New World.
Biotropica, 37, 209–221.
Sasa, M. & Solórzano, A. (1995) The reptiles and amphibians of
Santa Rosa National Park, Costa Rica, with comments about
the herpetofauna of xerophytic areas. Herpetological Natural
History, 3, 113 –126.
Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues,
A.S.L., Fischman, D.L. & Waller, R.W. (2004) Status and trends
of amphibian declines and extinctions worldwide. Science,
306, 1783 –1786.
Wake, D.B. (1991) Declining amphibian populations. Science,
253, 860 –860.
Wisc, M.S., Hijmans, R.J., Li, J., Peterson, A.T., Graham, C.H. &
Guisan, A. (2008) Effects of sample size on the performance
of species distribution models. Diversity and Distributions, 14,
763 –773.
Woodhams, D.C. & Alford, R.A. (2005) Ecology of chytridiomycosis
in rain forest stream frog assemblages of tropical Queensland.
Conservation Biology, 19, 1449 –1459.
Woodhams, D.C., Alford, R.A. & Marantelli, G. (2003) Emerging
disease of amphibians cured by elevated body temperature.
Diseases of Aquatic Organisms, 55, 65 – 67.

8

Woodhams, D.C., Alford, R.A., Briggs, C.J., Johnson, M.
Rollins-Smith, L.A. (2008) Life-history trade-offs influence
disease in changing climates: strategies of an amphibian pathogen.
Ecology, 89, 1627–1639.
Young, B.E., Lips, K.R., Reaser, J.K., Ibáñez, R., Salas, A.W.,
Cedeño, J.R., Coloma, L.A., Ron, S., La Marca, E., Meyer, J.R.,
Muñoz, A., Bolaños, F., Chaves, G. & Romo, D. (2001)
Population declines and priorities for amphibian conservation in Latin America. Conservation Biology, 15, 1213–
1223.
Zumbado-Ulate, H., Puschendorf, R. & Chavarría, M.M. (2007)
Eleutherodactylus ranoides (NCN) distribution. Herpetological
Review, 38, 184–185.
Editor: David Green
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:
Appendix S1 Species and infection percentage of B. dendrobatidis
found in Costa Rica.
Appendix S2 Infection patterns in the best-sampled species,
Craugastor fitzingeri.
Appendix S3 Raw data used for the analysis.
Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

© 2008 The Authors
Diversity and Distributions, Journal compilation © 2008 Blackwell Publishing Ltd

