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Abstract: Batrachochytrium dendrobatidis (Bd), an amphibian fungal pathogen, has infected >500 species and
caused extinctions or declines in >200 species worldwide. Despite over a decade of research, little is known
about its invasion biology. To better understand this, we conducted a museum specimen survey (1910–1997) of
Bd in amphibians on 11 California islands and found a pattern consistent with the emergence of Bd epizootics
on the mainland, suggesting that geographic isolation did not prevent Bd invasion. We propose that suitable habitat, host diversity, and human visitation overcome isolation from the mainland and play a role in Bd
invasion.
Keywords: amphibian pathogen, Batrachochytrium dendrobatidis, chytridiomycosis, emerging infectious
disease, California islands

Emerging infectious diseases are increasingly affecting
wildlife and are a major threat to global biodiversity.
Fungal infections have caused dramatic declines across
many taxa worldwide, including bats (e.g., white-nose
syndrome), soft corals, bees, oak trees, and frogs (Fisher
et al. 2012). Batrachochytrium dendrobatidis (Bd), a fungal
pathogen that causes chytridiomycosis in amphibians, is
implicated in a recent pandemic (Wake and Vredenburg
2008), infecting over 500 species (Olson et al. 2013) and
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causing declines and extinctions in over 200 species globally
(Fisher et al. 2009; Skerratt et al. 2007).
Studies investigating the emergence of Bd in California
are restricted to the mainland. The earliest reported case
was from an invasive Rana catesbeiana in 1928 (Huss et al.
2013) that apparently did not result in epizootic spread and
may represent pathogen invasion followed by a fade.
However, Bd appears to have spread widely throughout the
state beginning in the late 1960s through the 1970s, a time
period which coincides with declines and extirpations of
amphibians in California (Bradford 1991; Padgett-Flohr
and Hopkins 2009; Wake and Vredenburg 2008). To date,
there are no published reports on Bd from California islands. Describing the historical to present day distribution
of Bd on the islands may help understand the invasion
biology of this pathogen. Here we report the first records of
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Bd on California islands, discover a new host species for Bd,
and discuss the presence of suitable Bd habitat, host
diversity, and human visitation as possible factors that
could influence the invasion and sustained presence of Bd
on these islands and elsewhere.
We sampled 656 preserved museum specimens, with
collection dates ranging from 1910 to 1997, from five of the
Channel Islands in southern California (San Miguel, Santa
Cruz, Santa Rosa, Anacapa, and Santa Catalina) and six
islands in northern California (Año Nuevo, the Farallones,
Alcatraz, Angel, Brooks, and Yerba Buena) (Fig. 1). We did
not include three Channel Islands (Santa Barbara, San
Clemente, and San Nicolas) because amphibians do not
occur there. The amphibians sampled included Aneides
lugubris, Batrachoseps attenuatus, Batrachoseps major, Batrachoseps nigriventris, Batrachoseps pacificus, and Pseudacris
regilla (Table 1). We sampled specimens using a non-destructive skin swab technique (Cheng et al. 2011). In cases
where more than 30 individuals were collected within a
single year, species, and island, 30 specimens were randomly selected for inclusion in the study (Gray et al. 2015).
All specimens were formalin-fixed, stored in 70 % ethanol,

and archived in the permanent collection of the Museum of
Vertebrate Zoology (Berkeley, California, USA).
To minimize chances of cross contamination among
specimens stored in the same preservation jars, individuals
were rinsed with 70 % ethanol before swabbing, gloves
were changed between animals, and specimens were
swabbed in ascending chronological order of collection
date. Specimens were stroked 30 times on the ventral side
(abdomen, sides, and tail [in the case of salamanders], and
plantar side of the forelimbs and hindlimbs) with sterile,
synthetic cotton swabs (Cheng et al. 2011; Van Rooij et al.
2011, Richards-Hrdlicka 2012). Swab samples were dried,
placed in 1.5 mL tubes, and stored at 4"C. DNA was extracted using Prepman Ultra (Cheng et al. 2011) and analyzed using quantitative polymerase chain reaction (qPCR)
assays (Boyle et al. 2004) using an Applied BioSystems 7300
Real-Time PCR system. Standards of known zoospore
concentrations and negative controls were included in each
assay. Samples were processed in singlicate and considered
positive if both a sigmoidal amplification occurred and the
qPCR score was greater than zero. To calculate infection
intensity, we multiplied the qPCR score by 80 to account
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Figure 1. Map of the California
Islands. a San Francisco Bay
Islands: 1 Angel Island; 2 Alcatraz;
3 Yerba Buena and Treasure
Island; 4 Brooks Island, where only
Alcatraz had Bd-positive specimens. b The Channel Islands and
their vulnerability to Bd invasion: 5
San Miguel; 6 Santa Rosa; 7 Santa
Cruz; 8 Anacapa; 9 San Nicolas; 10
Santa Barbara; 11 Santa Catalina;
12 San Clemente. Bd-positive specimens were recorded at Santa
Catalina, Santa Cruz, and Santa
Rosa islands, where vulnerability to
Bd was predicted to be highest.
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Table 1. Bd Prevalence and Infection Intensities of Species Sampled.

–
–
–
–

1987
–

1978

1973

–
–
1979

Year of first
Bd-positive
record
Batrachoseps pacificus
Batrachoseps pacificus
Batrachoseps major
Pseudacris regilla
Batrachoseps nigriventris
Batrachoseps pacificus
Pseudacris regilla
Batrachoseps pacificus
Pseudacris regilla
Batrachoseps attenuatus
Aneides lugubris
Batrachoseps attenuatus
Aneides lugubris
Batrachoseps attenuatus
Aneides lugubris
Aneides lugubris

Species

0
0
1
0
16
1
0
3
0
1
0
0
0
0
0
0

Number of
positives
25
38
96
6
88
143
96
75
25
3
2
27
4
12
8
8

Number
sampled

0 (0–7.3)
0 (0–4.9)
1 (0.1–4.7)
0 (0–26.4)
18.2 (11.2–27.2)
0.6 (0.07–3.2)
0 (0–1.9)
4 (1.1–10.2)
0 (0–7.3)
33.3 (3.8–82.3)
0 (0–56.9)
0 (0–6.8)
0 (0–36.2)
0 (0–14.5)
0 (0–20.7)
0 (0–20.7)

Prevalence
(95 % C I)

–
–
1.35
–
3.05 (0.07, 1495)
0.89
–
1.46 (1.41, 1.66)
–
20.16
–
–
–
–
–
–

Median infection
intensity ZE
(min, max)
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for subsampling and dilution that occurred during the
DNA extraction, resulting in a zoospore equivalents (ZE)
estimate on each specimen (Briggs et al. 2010; Vredenburg
et al. 2010).
To determine if the islands exhibited an endemic
prevalence pattern consistent with areas of known Bd endemism, such as Brazil (Rodriguez et al. 2014) and Illinois
(Talley et al. 2015), we calculated the power to detect a
20 % prevalence (the approximate Bd prevalence these
studies found over a 100-year period in museum specimens) given our sample size. We divided our samples into
pre-1960 and post-1960 time periods to increase power and
because a previous study on the California mainland estimated that Bd epizootics first occurred after 1960 (PadgettFlohr and Hopkins 2009). We calculated prevalence and
95 % Bayesian confidence intervals (CIs) for these time
periods. We used R version 3.1.2 (R Development Core
Team 2008; ‘pwr’ package (Champely 2015), ‘binom’
package (Dorai-Raj 2014)) for statistical calculations.
We estimated the vulnerability of the Channel Islands
to Bd invasion by combining host availability with a climate-driven, presence-only habitat suitability model
(HSM) for Bd with maximum entropy modeling software,
Maxent version 3.3.3 k (Phillips et al. 2004), following
previously described methodologies (Rödder et al. 2009;
Yap et al. 2015). Training data for the HSM included 197
Bd-positive sites within the California mainland (Vredenburg et al. unpublished) and six bioclimatic variables from
the Worldclim database (Hijmans et al. 2005): annual mean
temperature, maximum temperature of the warmest
month, minimum temperature of the coldest month, annual precipitation, precipitation of the wettest month, and
precipitation of the driest month. We ran 100 model
simulations using cross-validation, which were then averaged by Maxent to produce a probabilistic density function
of suitable Bd habitat on the Channel Islands. We weighted
the HSM with amphibian host diversity from each island to
produce a predictive model of the probability of Bd
establishment on these islands (Fig. 1b). We used ArcGIS
10.2.2 (ESRI) to produce all GIS layers. We only used the
Channel Islands (excluding Santa Barbara Island) for the
model because climate data were incomplete for the other
small California islands.
We detected Bd in 22 of the 656 specimens and on four
(Alcatraz Island, Santa Catalina Island, Santa Cruz Island,
and Santa Rosa Island) of 11 California islands (Table 1;
Fig. 1). Infected hosts included B. major, B. nigriventris, and
B. pacificus; this is the first report of Bd in B. pacificus

(Table 1). The earliest Bd positives for each island were
detected in 1973 (Santa Cruz Island), 1978 (Santa Rosa
Island), 1979 (Santa Catalina Island), and 1987 (Alcatraz
Island) (Table 1). Prevalence and Bd infection intensities
for the species and islands sampled were low. Bd prevalence
was 0 % (0–0.7 CI, N = 254, power to detect 20 % Bd
prevalence = 0.73) in samples collected before 1960 and
5.4 % (3.5–8.0 CI, N = 402, power to detect 20 % Bd
prevalence = 0.88) in samples collected after 1960. Bd
infection intensities ranged from 0.07 ZE to 1495 ZE (Table 1). Our Bd vulnerability model shows that despite the
Channel Islands having generally low Bd habitat suitability
(<0.42, scale of 0–1), the islands with the highest relative
model predictions are the same islands where we detected
Bd-infected specimens (Fig. 1b).
Our discovery of Bd on four of 11 California islands
may be a conservative estimate. There is a chance we did
not detect all Bd-positive specimens through our singlicate
qPCR assays (Cheng et al. 2011). In addition, the museum
samples were not collected for this study’s purpose; thus,
specimens were not equally available across time and space.
However, collectively, the samples from 1910 to 1960
provide ample support that Bd was likely not present on the
islands prior to 1960. This indicates that Bd is not endemic
to the islands and likely invaded after 1960, which coincides
with the hypothesized emergence of Bd epizootics on the
mainland (Huss et al. 2013; Padgett-Flohr and Hopkins
2009; Vredenburg et al. 2013, 2010).
Several studies propose that humans play a role in the
worldwide spread of Bd (Fisher and Garner 2007; Picco and
Collins 2008; Une et al. 2008; Schloegel et al. 2012). California’s islands provide insight in the extent of human
influence on the spread of Bd because the islands vary
dramatically in human visitation rate. For example, the
Farallon Islands are closed to the public, while Alcatraz
Island is a major tourist attraction that receives *1.4
million visitors per year (National Parks Conservation
Association 2010), and Santa Catalina Island has
*4000 year-round residents (U.S. Census Bureau 2010)
and >600,000 visitors per year (Catalina Island and
Chamber of Commerce Visitors Bureau 2012). The
remaining islands are National Parks where human visitation is restricted. Our results suggest that human visitation
may affect Bd invasion because the two most visited islands,
Alcatraz and Santa Catalina Island, had Bd-infected animals
(Fig. 1; Table 1), though this factor is not the only factor
associated with Bd invasion. Based on our results, we
propose the presence of suitable, even non-optimal Bd
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habitat, host diversity, and human visitation all play a role
in the invasion and establishment of Bd on these islands.
Other factors may also influence the spread of Bd to isolated islands, such as bird or rainwater dispersal (Johnson
and Speare 2003; Kolby et al. 2015). In addition, salinity
affects Bd dynamics, and these are habitats that are exposed
to high levels of salinity (Stockwell et al. 2015a, b). We
suggest that island systems present a unique framework
that could be used to elucidate the invasion biology of Bd as
well as other emerging infectious pathogens.

ACKNOWLEDGMENTS
This research was supported by a graduate fellowship from
UCLA-Charles F. Scott Fellowship (TAY), National Science
Foundation Post-doctoral Fellowship PRFB1309320
(AEM), and National Science Foundation IOS-1258133
(VTV). We thank the Museum of Vertebrate Zoology at
UC Berkeley for access to their permanent collection and
technical support. We thank the anonymous reviewers.
Specimens examined are listed in the Supplemental Materials.

REFERENCES
Boyle DG, Boyle DB, Olsen V, Morgan JAT, Hyatt AD (2004)
Rapid quantitative detection of chytridiomycosis (Batrachochytrium dendrobatidis) in amphibian samples using realtime Taqman PCR assay. Diseases of Aquatic Organisms
60(2):141–148. doi:10.3354/dao060141
Bradford DF (1991) Mass mortality and extinction in a highelevation population of Rana muscosa. Journal of Herpetology
25(2):174–177
Briggs CJ, Knapp RA, Vredenburg VT (2010) Enzootic and epizootic dynamics of the chytrid fungal pathogen of amphibians.
Proceedings of the National Academy of Sciences of the United
States of America 107(21):9695–9700. doi:10.1073/pnas.09
12886107
Catalina Island and Chamber of Commerce Visitors Bureau
(2012) Monthly Visitor Report
Champely S (2015) pwr: Basic Functions for Power Analysis. R
package version 1.1-2. http://CRAN.R-project.org/package=pwr
Cheng TL, Rovito SM, Wake DB, Vredenburg VT (2011) Coincident mass extirpation of neotropical amphibians with the
emergence of the infectious fungal pathogen Batrachochytrium
dendrobatidis. Proceedings of the National Academy of Sciences of
the United States of America 108(23):9502–9507. doi:10.1073/
pnas.1105538108
Dorai-Raj S (2014) binom: Binomial Confidence Intervals for
Several Parameterizations. R package version 1.1-1. http://
CRAN.R-project.org/package=binom

Fisher MC, Garner TWJ (2007) The relationship between the
emergence of Batrachochytrium dendrobatidis, the international
trade in amphibians and introduced amphibian species. Fungal
Biology Reviews 21(1):2–9. doi:10.1016/j.fbr.2007.02.002
Fisher MC, Garner TWJ, Walker SF (2009) Global emergence of
Batrachochytrium dendrobatidis and amphibian chytridiomycosis in space, time, and host. Annual Review of Microbiology
63:291–310. doi:10.1146/annurev.micro.091208.073435
Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC,
McCraw SL, Gurr SJ (2012) Emerging fungal threats to animal,
plant and ecosystem health. Nature 484(7393):186–194.
doi:10.1038/nature10947
Gray MJ, Brunner JL, Earl JE, Ariel E (2015) Design and analysis
of ranavirus studies: surveillance and assessing risk. In:
Ranaviruses, Springer International Publishing, pp 209–240
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very
high resolution interpolated climate surfaces for global land
areas. International Journal of Climatology 25(15):1965–1978.
doi:10.1002/joc.1276
Huss M, Huntley L, Vredenburg V, Johns J, Green S (2013)
Prevalence of Batrachochytrium dendrobatidis in 120 archived
specimens of Lithobates catesbeianus (American bullfrog) collected in California, 1924–2007. EcoHealth 10(4):339–343.
doi:10.1007/s10393-013-0895-6
Johnson ML, Speare R (2003) Survival of Batrachochytrium dendrobatidis in water: quarantine and disease control implications.
Emerging Infectious Diseases 9(8):1–4
Kolby JE, Ramirez SD, Berger L, Richards-Hrdlicka KL, Jocque M,
Skerratt LF (2015) Terrestrial dispersal and potential environmental transmission of the amphibian chytrid fungus (Batrachochytrium dendrobatidis). Plos One 10(4):e0125386. doi:10.
1371/journal.pone.0125386
National Parks Conservation Association (2010) Alcatraz Island
Challenges and Highlights. State of the Parks Program
Olson DH, Aanensen DM, Ronnenberg KL, Powell CI, Walker SF,
Bielby J, Fisher MC, et al. (2013) Mapping the global emergence
of Batrachochytrium dendrobatidis, the amphibian chytrid fungus. PloS One 8(2):e56802. doi:10.1371/journal.pone.0056802
Padgett-Flohr GE, Hopkins RL (2009) Batrachochytrium dendrobatidis, a novel pathogen approaching endemism in central
California. Diseases of Aquatic Organisms 83(1):1–9. doi:10.
3354/dao02003
Phillips S, Dudı́k M, Schapire R (2004) A maximum entropy
approach to species distribution modeling. Proceedings of the
Twenty-First International Conference on Machine Learning
62:655–662. doi:10.1145/1015330.1015412
Picco AM, Collins JP (2008) Amphibian commerce as a likely
source of pathogen pollution. Conservation Biology 22(6):1582–
1589. doi:10.1111/j.1523-1739.2008.01025.x
R Development Core Team (2008) R: a language and environment
for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org
Richards-Hrdlicka KL (2012) Extracting the amphibian chytrid
fungus from formalin-fixed specimens. Methods in Ecology and
Evolution 3(5):842–849
Rödder D, Kielgast J, Bielby J, Schmidtlein S, Bosch J, Garner
TWJ, Lötters S (2009) Global amphibian extinction risk
assessment for the panzootic chytrid fungus. Diversity 1(1):52–
66. doi:10.3390/d1010052
Rodriguez D, Becker CG, Pupin NC, Haddad CFB, Zamudio KR
(2014) Long-term endemism of two highly divergent lineages of

T. A. Yap et al.

the amphibian-killing fungus in the Atlantic Forest of Brazil.
Molecular Ecology 23(4):774–787. doi:10.1111/mec.12615
Schloegel LM, Toledo LF, Longcore JE, Greenspan SE, Vieira CA,
Lee M, James TY, et al. (2012) Novel, panzootic and hybrid
genotypes of amphibian chytridiomycosis associated with the
bullfrog trade. Molecular Ecology 21(21):5162–5177. doi:10.
1111/j.1365-294X.2012.05710.x
Skerratt LF, Berger L, Speare R, Cashins S, McDonald KR, Phillott
AD, Kenyon N, et al. (2007) Spread of chytridiomycosis has
caused the rapid global decline and extinction of frogs. EcoHealth 4(2):125–134. doi:10.1007/s10393-007-0093-5
Stockwell MP, Clulow J, Mahony MJ (2015a) Evidence of a salt
refuge: chytrid infection loads are suppressed in hosts exposed
to salt. Oecologia 177(3):901–910
Stockwell MP, Storrie LJ, Pollard CJ, Clulow J, Mahony MJ
(2015b) Effects of pond salinization on survival rate of
amphibian hosts infected with the chytrid fungus. Conservation
Biology 29(2):391–399
Talley BL, Muletz CR, Vredenburg VT, Fleischer RC, Lips KR
(2015) A century of Batrachochytrium dendrobatidis in Illinois
amphibians (1888–1989). Biological Conservation 182:254–261.
doi:10.1016/j.biocon.2014.12.007
Une Y, Kadekaru S, Tamukai K, Goka K, Kuroki T (2008) First
report of spontaneous chytridiomycosis in frogs in Asia. Diseases of Aquatic Organisms 82(2):157–160. doi:10.3354/
dao02006

U.S. Census Bureau (2010) General population and housing
characteristics. http://factfinder.census.gov. Accessed May 8
2015
Van Rooij P, Martel A, Nerz J, Voitel S, Van Immerseel F, Haesebrouck F, Pasmans F (2011) Detection of Batrachochytrium
dendrobatidis in Mexican bolitoglossine salamanders using an
optimal sampling protocol. EcoHealth 8(2):237–243. doi:10.
1007/s10393-011-0704-z
Vredenburg VT, Felt SA, Morgan EC, McNally SVG, Wilson S,
Green SL (2013) Prevalence of Batrachochytrium dendrobatidis
in Xenopus collected in Africa (1871–2000) and in California
(2001-2010). PLoS One 8(5):e63791. doi:10.1371/journal.
pone.0063791
Vredenburg VT, Knapp RA, Tunstall TS, Briggs CJ (2010) Dynamics of an emerging disease drive large-scale amphibian
population extinctions. Proceedings of the National Academy of
Sciences of the United States of America 107(21):9689–9694.
doi:10.1073/pnas.0914111107
Wake DB, Vredenburg VT (2008) Colloquium paper: are we in
the midst of the sixth mass extinction? A view from the world of
amphibians Proceedings of the National Academy of Sciences of
the United States of America 105:11466–11473. doi:10.1073/
pnas.0801921105
Yap TA, Koo MS, Ambrose RF, Wake DB, Vredenburg VT (2015)
Averting a North American biodiversity crisis. Science
349(6247):481–482. doi:10.1126/science.aab1052

