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The emerging fungal pathogen, Batrachochytrium dendrobatidis (Bd), which can cause

a fatal disease called chytridiomycosis, is implicated in the collapse of hundreds of

host amphibian species. We describe chytridiomycosis dynamics in two co-occurring

terrestrial salamander species, the Santa Lucia Mountains slender salamander,

Batrachoseps luciae, and the arboreal salamander, Aneides lugubris. We (1) conduct

a retrospective Bd-infection survey of specimens collected over the last century, (2)

estimate present-day Bd infections in wild populations, (3) use generalized linear models

(GLM) to identify biotic and abiotic correlates of infection risk, (4) investigate susceptibility

of hosts exposed to Bd in laboratory trials, and (5) examine the ability of host skin bacteria

to inhibit Bd in culture. Our historical survey of 2,866 specimens revealed that for most

of the early 20th century (∼1920–1969), Bd was not detected in either species. By the

1990s the proportion of infected specimens was 29 and 17% (B. luciae and A. lugubris,

respectively), and in the 2010s it was 10 and 17%. This was similar to the number

of infected samples from contemporary populations (2014–2015) at 10 and 18%. We

found that both hosts experience signs of chytridiomycosis and suffered high Bd-caused

mortality (88 and 71% for B. luciae and A. lugubris, respectively). Our GLM revealed

that Bd-infection probability was positively correlated with intraspecific group size and

proximity to heterospecifics but not to abiotic factors such as precipitation, minimum

temperature, maximum temperature, mean temperature, and elevation, or to the size of

the hosts. Finally, we found that both host species contain symbiotic skin-bacteria that

inhibit growth of Bd in laboratory trials. Our results provide new evidence consistent with

other studies showing a relatively recent Bd invasion of amphibian host populations in

western North America and suggest that the spread of the pathogen may be enabled

both through conspecific and heterospecific host interactions. Our results suggest

that wildlife disease studies should assess host-pathogen dynamics that consider the

interactions and effects of multiple hosts, as well as the historical context of pathogen

invasion, establishment, and epizootic to enzootic transitions to better understand and

predict disease dynamics.
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INTRODUCTION

Amphibians are an ancient and diverse lineage of vertebrates
[∼370 mya; currently 8,345 species; (1, 2)] that have survived
the last four global mass extinction events (3–5). Their biphasic
lifestyle links aquatic and terrestrial productivity (6), and they
fill key positions in food webs because of their large population
sizes and the fact that they serve as abundant consumers,

and as prey to other species (7). However, amphibians have
recently experienced extinctions and severe global population
declines due to a combination of factors, including habitat loss
and fragmentation, environmental contaminants, disease, and
climate change (3, 5, 8, 9).

An emerging infectious fungal disease, chytridiomycosis, has
captured the attention of biologists and the general public
because it has driven die-offs in hundreds of amphibian species

around the world (3, 9–13). This disease is caused by the
chytridiomycete fungi, Batrachochytrium dendrobatidis (Bd) (14)
and Batrachochytrium salamandrivorans (Bsal) (15), which infect
and disrupt skin function, including osmoregulation, and can
lead to death (15–18). While less is known about Bsal, the impact
of the Bd pathogen on amphibians represents the worst known
case of disease among vertebrates in recorded history (9, 12).
To predict the effects that Bd chytridiomycosis will continue to
have on host species, it is essential to understand longitudinal
patterns of Bd infection prevalence [e.g., temporal pattern of

pathogen invasion, epizootic outbreak, and either establishment
or loss; (19, 20)], host species susceptibility patterns (influenced
by skin microbiomes, social behavior and interactions with
heterospecifics), and host-Bd dynamics so that models can be
used to understand and predict the interactions across a wide
range of circumstances (20).

Though Bd chytridiomycosis has mostly been studied in
anurans (Order Anura: frogs and toads), salamanders and newts
(Order Caudata) are also known to be affected by Bd (12, 21–
25). In the North America salamander biodiversity hotspot which
contains ∼50% of all known species (1, 26), very little is known
about which salamander species have declined and if Bd is the
cause of such declines (12). The west coast of North America
has the second most diverse assemblage of salamander species
in North America (after Appalachia region), and 64% (49/77)
of its extant amphibian species are salamanders (1). Whereas,
the emergence of Bd is closely linked to mass die-offs and
local extinctions in anurans in California (17, 19, 27, 28), the
relationship between Bd emergence and population declines
is not well-characterized in salamanders (21, 22, 25). Lack of
attention to salamander disease dynamics in California may be
attributed to the fact that most salamander species are fossorial
or semi-fossorial (living under leaf litter and woody debris),
nocturnal, and solitary breeders; as such, many abundance
estimates suffer from ascertainment bias (29). Furthermore, in
California, a lack of consistent historical population sampling
[relative to anurans; (27)] makes it difficult to confidently assess
whether salamander populations have declined.

In California, recent studies have shown a consistent pattern
of no or almost no Bd early in the 20th century, followed by
Bd invasion and emergence in amphibians in the late 1960s and

1970s (19, 21, 22, 25, 28, 30–32). The effects of this pathogen
on salamanders, which in California represent a majority of
the diversity of amphibians, are poorly understood. A better
understanding of host pathogen dynamics requires contextual
information such as spatial and temporal pathogen data (i.e.,
longitudinal pathogen data), host susceptibility, host behavior,
immune responses, as well as other biotic and abiotic factors that
may influence host survival (33–36). Another important factor
is Bd lineage. Molecular studies reveal a complex evolutionary
history in Bd (37), with significant differences in pathogenicity
and in spatial patterns of spread between lineages [e.g., (12,
38–40)]. The pathogen is believed to have originated in Asia,
and there are at least five major Bd lineages which vary in
pathogenicity (12, 24, 38). The “global panzootic lineage” (Bd-
GPL; used in this study) is associated with mass mortalities in
wild amphibian populations (41), and to date is the only Bd
lineage found in California (12, 39), but there is currently little
or no information available on different populations of Bd, and
their effects on hosts, in California.

We investigate the proportion of individuals infected with
the Bd pathogen in wild salamander populations and combine
both field sampling and lab-based (i.e., experimental) studies
to investigate pathogen host susceptibility and historical Bd
occurrence in two species of co-occurring terrestrial salamanders:
the Santa Lucia Mountains slender salamander (Batrachoseps
luciae), and the arboreal salamander (Aneides lugubris). The
arboreal salamander has a wide range that overlaps with much
of the amphibian diversity in California, whereas this species
of slender salamander has a very limited geographic range
(42) (Figure 1), making them potentially more vulnerable to
extinction (43, 44). In particular, in this study, we provide in-
depth host/pathogen information on two sympatric terrestrial
salamander host species: we (1) conduct a 90-year retrospective
survey to document the proportion of Bd-infected hosts through
time using specimens from natural history museum collections,
(2) non-intrusively document the proportion of Bd-infected
animals in contemporary wild populations, (3) use modeling to
identify biotic (e.g., species overlap, group size) and abiotic (e.g.,
precipitation. temperature) infection correlates, (4) investigate
host susceptibility in laboratory trials where hosts were exposed
to either one or two populations of the Bd pathogen (one from
a Bd-epizootic that led to frog population collapse, and another
from focal hosts that were infected upon capture), and (5)
examine the ability of naturally occurring amphibian host skin
bacteria from our focal host species to inhibit Bd in culture.

We describe longitudinal patterns of Bd-infection in order to
determine if they are consistent with previous studies on other Bd
host species that occur in western North America, where several
frog species have experienced Bd epizootics followed by mass die
offs and population extinctions [e.g., Rana muscosa, Rana sierrae;
(17)]. The prevailing hypothesis to explain disease dynamics
in these species is that Bd invaded novel host populations
causing epizootics, and surviving host populations eventually
transitioned tomore stable pathogen/host enzootic dynamics (19,
20, 28, 45). Theoretically, infection prevalence will peak during
the epizootic and then decrease as the dynamics between the host
and the pathogen shift toward an enzootic state (17, 20), but the
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FIGURE 1 | Distribution of sampling locations within the range of the arboreal salamander (Aneides lugubris; solid gray line) and the Santa Lucia Mountains slender

salamander (Batrachoseps luciae; yellow area) in California, USA.

effects of Bd on remaining populations could still be significant
(46). Our approach combines a retrospective and contemporary
view of host pathogen dynamics as we also test host Bd-infection
susceptibility and look for correlates of Bd infection of individual
hosts in wild populations. Finally, our skin bacterial cultures
and Bd inhibition trials allow us to test whether these hosts
might be protected from Bd infection by their skin microbiota.
Thus, we use a combination of field and laboratory techniques
to investigate the role of the Bd pathogen in populations of a
widely occurring terrestrial salamander and a narrowly endemic
terrestrial salamander in western North America, where Bd
epizootics have severely affected other amphibian host species
(3, 17, 19, 46, 47).

METHODS AND MATERIALS

Historical Infection Study (1920–2015)
To estimate historical infection prevalence of Bd in populations
of B. luciae and A. lugubris, we analyzed Bd occurrence in

a total of 2,459 museum specimens (1,522 B. luciae, 936 A.
lugubris) from natural history collections at the Museum of
Vertebrate Zoology (MVZ), University of California Berkeley,
and the California Academy of Sciences (CAS), San Francisco,
California. For B. luciae, we aimed to sample all available
specimens (1,522 specimens were sampled from MVZ; none
were available at CAS). The salamander A. lugubris has a much
wider distribution (Figure 1) and has many more available
specimens (MVZ plus CAS = 3,882; VertNet.org); thus, to
minimize costs, we used a stratified (by decade) random
sampling design to select 936 specimens as a subsample. We
randomly selected 40 specimens per decade (collection years
include 1940–2015). If there were fewer than 40 available
in a decade, we selected all available specimens for that
decade. In addition, we also selected all available A. lugubris
collected within the area of overlap with B. luciae (n = 78;
Monterey County, California; Figure 1) to enable us to
determine possible disease-related relationships between these
co-occurring species.
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In museum specimens, we used a standard skin swabbing
technique to test for the presence of Bd (48–50). Specimens
were stroked 30 times with a MW113 dry swab (Medical
Wire and Equipment Company)-−10 times both dorsally and
ventrally, and five times on each laterum, spanning the majority
of individual’s body length. To decrease the chance of cross
contamination between specimens, each specimen was rinsed
in 70% ethanol before swabbing and gloves were changed
between handling every specimen (50). Swabs were stored in 1.5-
mL microcentrifuge tubes at 4◦C. We used standard Bd DNA
extraction and real-time quantitative polymerase chain reaction
methods to detect Bd from swabs collected [described in (48, 49)].
These methods have been validated both in live specimens and
formalin-fixed museum specimens stored in 70% ethanol (50,
51). Considering the relatively small difference in Bd detection
rate using qPCR for samples run in singlicate and triplicate
(50), we ran a larger number of samples in singlicate rather
than a smaller number of samples in triplicate to both minimize
costs and increase the sampling power and the geographic and
temporal spread of the samples. Genomic equivalent results were
multiplied by 80, the dilution factor in qPCR sample preparation,
to estimate the number of Bd zoospores on the entire swab
[Zswab; Bd-infection intensity; (17, 20). Samples with a Zswab
score > zero were defined as Bd-positive.

Contemporary Field Study and Generalized
Linear Model
Field surveys for contemporary disease prevalence were
conducted in Monterey County, California, from May 2014
to March 2015 at the following locations: Don Dahvee Park
(Monterey, CA), Veterans Memorial Park (Monterey, CA),
Mission Trails Park (Carmel, CA), and Lynn “Rip” Van Winkle
Open Space (Pacific Grove, CA). In this area, mixed pine and oak
woodlands are dominant, and B. luciae and A. lugubris are found
in close proximity to each other; often under the same cover
objects (e.g., decomposing woody debris, downed logs, bark,
sticks). B. luciae has a very limited distribution, occurring solely
in the central coast region, primarily Monterey County (42),
while A. lugubris has a wide distribution across coastal California
and the Sierra Nevada foothills (52) (Figure 1). However, we
focused our field sampling of A. lugubris to the sites where it is
sympatric with B. luciae, but also collected outside the area of
sympatry. Sites were surveyed by turning logs, rocks and other
debris to locate salamanders beneath them.

All B. luciae and A. lugubris encountered were captured by
hand andmeasured (snout-vent length; tail length, weight). From
each individual, we collected one or two non-invasive skin swabs,
in a method identical to those described above for museum
specimens [but without an ethanol wash; (48); following (17)]
before being released. If two skin swabs were taken, the first swab
was used to culture skin bacterial symbionts (see “Bd inhibition”
section below), the second skin swab was used to detect Bd using
a qPCR Bd assay (48). If only one swab was taken, it was used to
detect Bd. For each cover item where a salamander was found,
the number of intra- and interspecific individuals found within
15m of the focal individual were recorded. Individual animals

were captured, sampled, and released at the site of capture within
a 10-min period.

Laboratory Host Susceptibility Trials
In addition to the catch-and-release animals, we collected 31
B. luciae and 18 A. lugubris and transported them alive to the
laboratory for susceptibility trials. All B. luciae and 12 A. lugubris
were collected in Monterey County, California, from July 2014 to
March 2015. Severe drought made salamander fieldwork difficult,
thus we expanded our collection locations for A. lugubris and
collected 6 additional individuals outside of the range of B. luciae
(from San Mateo and Calaveras counties, California) in January
and March 2015. At the site of capture, each salamander was
placed individually in a plastic container lined with moist paper
towels and transported to the animal care facility at San Francisco
State University, where they were kept in individual standard
plastic mouse cages (19 × 29.2 × 2.7 cm) lined with moist paper
towels for the duration of the experiment. Salamanders were
fed twice a week and received 5–10 crickets or ∼10 wingless
Drosophila (B. luciae only) at each feeding. Clean cages were
provided 1–2 times per week and temperature was maintained
between 17 and 20◦C. Each animal was checked visually every
day and kept on a 12-h light and 12-h dark daily schedule.

Ten of the 31 B. luciae collected were found to be Bd-
infected at the time of collection, verified using qPCR from
field swabs. We called this experimental group “wild strain (WS)
field-infected” and we followed the infection throughout the
study period, testing weekly for Bd (as described below). All 10
of the WS field-infected animals were individually housed for
the duration of the experiment. For the remaining uninfected
B. luciae individuals collected from the field (n = 21), we
split them into three experimental groups: two experimental
inoculation groups using two different Bd strains (“GPL lab-
inoculated” and “wild strain lab-inoculated”) and a sham-
inoculated control group (“uninfected controls”). The first
group included eight randomly chosen individuals (of the 21
uninfected) and was named “GPL lab-inoculated.” Here we used
the global panzootic lineage, Bd-GPL [strain id # CJB57-(4)-
p6; (39)], cultured from Southern Mountain yellow-legged frog
(Rana muscosa) epizootics in the Sierra Nevada, California (17).
Individuals were inoculated with 2 × 106 zoospores (confirmed
via hemacytometer) suspended in 15mL of sterile water. These
salamanders were placed in petri dishes and exposed to the
solution individually for 20min per day for 5 consecutive days,
using the protocol from a previous study (53).

The second experimental group involved eight randomly
chosen B. luciae and was termed “wild strain (WS) lab-
inoculated.” For the zoospore source, we placed a known wild-
infected A. lugubris from the same population as the B. luciae in
a small container with 30mL of sterile water for 20min allowing
time for Bd zoospores to be shed into the water. This “Bd water”
was then divided equally among eight 50-mL falcon tubes. Sterile
water was added to total 5mL of solution in each falcon tube. A
single B. luciae individual was placed in each falcon tube with the
liquid and left for 1 h. The process was repeated each day for a
total of 10 consecutive days.
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For the third experimental group, termed “uninfected
controls,” the five remaining individuals received sham
inoculations. For the uninfected control group, we followed
the steps described for the second experimental group (WS
lab-inoculated) with the only difference being that we used
an uninfected A. lugubris (as determined by qPCR) instead
of an infected A. lugubris to produce the sham “Bd water.”
The process was repeated each day for 10 consecutive days, as
described above.

For susceptibility trials with A. lugubris, we had fewer field-
collected animals available. Therefore, we had fewer trials and
did not use the Bd-GPL strain (i.e., there was no “GPL lab-
inoculated” treatment). Of the 18 A. lugubris collected in the
wild, 5 showed an initial infection and we labeled them “WS
field-infected.” Of the 13 uninfected individuals, seven were
inoculated using the same protocol as the WS lab-inoculated
B. luciae experiment. The 30mL of “Bd water” from soaking
a known, wild-infected A. lugubris was evenly divided into 7
small plastic containers (150- mL volume); however, since these
salamanders aremuch larger than B. luciae, we addedmore sterile
water to total 30mL in each container. This was repeated for 10
consecutive days. The remaining six uninfected A. lugubris were
exposed to sham “Bd water” and kept as controls in the same
manner as described above.

The initial post-inoculation swab (for all groups and both
species including sham controls) was taken 48 h after the last
exposure period, and swabs were subsequently taken weekly
for 14 weeks. For all experiments, individuals were euthanized
using MS-222 if they exhibited loss of righting reflex, leg-locking,
lethargy, very high Bd-infection intensity [i.e., Vredenburg’s
10,000 Zoospore Rule; (17, 54)], or other signs indicative of
severe chytridiomycosis (55).

Host Skin Bacteria Bd Inhibition Trials
Bacteria were collected from the skin of 48 salamanders (40 B.
luciae and 8 A. lugubris) and one clutch of A. lugubris eggs
in the field. All individuals in this trial were captured in Don
Dahvee Park, Monterey, CA and were handled with sterile nitrile
gloves and sterile plastic bags. Animals were rinsed thoroughly
with 50mL of sterile water to remove particulates and transient
bacteria before we collected a skin swab for bacterial culture. For
the bacterial cultures, all B. luciae were released within 10min of
capture, but the eight A lugubris, were first sampled for bacteria
and then transported to the laboratory for use in the susceptibility
trial. Each swab was suspended in a microfuge tube with 1mL
of DS solution, a salt solution resembling pond water (56) and
transported to the laboratory for bacterial culturing.

A cell free supernatant (CFS) inhibition assay was used
to determine whether cultured bacteria produced anti-fungal
activity (57). The cultured Bd-GPL (strain id#CJB57-(4)-p6)
used in the susceptibility trials was also used in this assay (17).
Microfuge tubes containing DS solution and bacterial swabs
from the field were vortexed within 24 h after field collection.
Bacterial isolates in DS solution were incubated on R2A media
and morphologically distinct bacteria were placed in axenic
culture. Bd zoospore growth was then challenged against the
various bacterial isolate supernatants (in replicates of five) in

an adapted version of a previously published protocol (57). The
optical density at 490 nm in each well was measured every 24 h
using a SpectraMax 190 Microplate Reader and SoftMax Pro
software. The total change in optical density after 7 days was
used as a proxy for Bd growth. The average percent growth,
normalized to the positive control, was calculated for each isolate
using a previously published equation (58). Isolates that exhibited
significantly lower % Growth values than the positive control
were labeled as “Inhibitors” and isolates that did not differ
significantly from the positive control were labeled as having
“No Effect.”

In order to identify bacterial isolates, the 16S rDNA region
of each isolate was sequenced at the San Francisco State
University Genomics/Transcriptomics Analysis Core (GTAC)
facility laboratory. Bacterial DNA was extracted using either
Chelex or direct colony lifts into PCR reactions. The 16S rDNA
region was amplified in PCR reactions using the 515F and
1492R 16S primers. The 16S regions were sequenced using
standard protocol for chain termination sequencing, including
an ExoSAPit PCR product purification, followed by cycle
sequencing with BigDye 3.1 and the same 515F and 1492R
primers as the initial PCR reaction.

Sequencher version 4.9 was used to assemble contigs from
forward and reverse reads. Sequence data was then used to
identify closest species match through BLAST, using default
parameters for megablast searches. In order to confirm the genus
of each isolate, sequence data was bootstrapped inMEGA version
6.06 against reference sequences belonging to the same family as
the isolate’s closest species match in BLAST. 16S rDNA reference
sequences were selected from The NCBI Reference Sequence
Database (RefSeq). Following a bootstrap sensitivity test, a tree
was constructed for each isolate using the neighbor joining
method and bootstrapped 500 times.

Statistical Analyses
All statistical analyses were performed using the software R
(version 3.5.0) in RStudio (version 1.1.447). All of the code
used are freely available on Zenodo (https://zenodo.org/badge/
latestdoi/137778706). To characterize the temporal distribution
of Bd in B. luciae and A. lugubris within our historical data,
we calculated 95% credible intervals for Bd prevalence in each
decade sampled based on the binomial probability distribution,
using sample size and the number of Bd positive individuals (28,
59). To test the likelihood of detecting a Bd-positive individual in
each decade sampled, we calculated the probability of detecting
zero positives using the binomial distribution. Two previous
studies that used an identical qPCR assay found an enzootic level
of ∼11% prevalence in amphibian populations in Illinois, USA
(60), and in another California slender salamander Batrachoseps
attenuatus (21); therefore, we used 0.11 as the probability of
detecting a Bd positive individual.

We performed a stepwise binomial logistic regression on
field-collected individuals of both species using Bd infection
status as the response variable with the R stats and MASS
packages (version 3.5.0, version 7.3-50; respectively). We
used the following variable as our explanatory variables:
precipitation, minimum temperature, maximum temperature,
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mean temperature, snout-to-vent length (i.e., the size of the
animal as measured from the nares to the cloaca), elevation
(meters above sea level), the number of conspecific hosts found
with the individual, and the number of heterospecific hosts found
within a 15m radius of the individual. Using the skin swab
collection date of every individual host (January 2014–December
2015), we matched the month and year for the climate variables
using monthly averaged data from the PRISM Climate Group,
Oregon State University (http://prism.oregonstate.edu, created
25 May 2018). To validate the model, we performed k-fold cross
validation, subsetting our data into 100-folds to minimize bias
in producing the folds using the package DAAG [version 1.22;
(61)]. Survival estimates for our laboratory infection trials were
performed using the R package “survival” [version 2.42-3; (62)].
In the bacterial Bd inhibition trials, percent growth values of each
isolate were compared to the positive control using a two-tailed
Student’s t-test, with significant p-value cutoffs (p < 0.005 for
isolates from A. lugubris eggs [n = 9], p < 0.003 for isolates
from A. lugubris [n = 16], and p < 0.003 for isolates from B.
luciae [n = 15]) determined using the Bonferroni correction to
minimize false-positives (63).

RESULTS

Historical Infection Study (1920–2015)
The historical samples spanned the entire range of B. luciae and
nearly the entire range of A. lugubris (Figure 1). All B. luciae
specimens in the decades of the 1920s−1960s (n = 123) were
negative for Bd (Table 1). The first Bd-positive individuals of
B. luciae were collected in 1972, and after that time, prevalence
began to steadily increase (Figure 2A). A. lugubris was found to
have a similar pattern; the first Bd-positive individual was from
1968, after more than 300 specimens tested negative (1940–1972;
Table 1), and after that Bd prevalence increased (Figure 2B). For
both species, Bd prevalence appears to trend higher in the 1980s
and 1990s (Figures 2A,B). In B. luciae, Bd prevalence peaked at
29.23% in the 1990s and then subsided to 9.82% in 2010–2015.
In A. lugubris, Bd prevalence increased to 16.92% in the 1990s
and remained at 16.67% in 2010–2015. Both species show an
upward trend in infection intensity through the 1990s, though
few individuals surpassed Vredenburg’s 10,000 Zoospore Rule,
the expected lethal infection intensity for Bd in anurans (17, 54).
When we compared the Bd prevalence from the decade with
the highest prevalence (1990s for both species) in the museum
specimens to the prevalence in contemporary field samples
(collected 2014–2015; Table 2), we found that Bd prevalence had
decreased significantly from 29.23 to 9.87% in B. luciae (p< 0.01;
X2

= 18.8), but showed no significant difference in A. lugubris
(16.92% compared to 18.18%; p= 0.87; X2

= 0.03).

Contemporary Field Study and Generalized
Linear Model
For B. luciae swabbed in the field between 2014 and 2015, 38
of 385 (9.87%) were Bd positive (Table 2); in contrast, 6 of
34 (18%) field-swabbed A. lugubris were Bd positive (Table 2).
Of the 34 A. lugubris individuals sampled, 21 were located in
Monterey County and 13 were located in San Mateo, Alameda

and Calaveras counties. All georeferenced data (excluding
the laboratory trial data) from the contemporary populations
(catch and release animals) and from the museum specimens
sampled are freely available for download at AmphibiaWeb’s
Amphibian Disease Portal (AmphibianDisease.org; https://
amphibiandisease.org/projects/?id=251; doi’s available at: https://
n2t.net/ark:/21547/DTN2 - field based samples; https://n2t.net/
ark:/21547/DoZ2 - museum based samples), a global archive for
chytrid sampling data (see Koo et al., this issue).

The binary logistic regression model with the best (lowest)
AIC (AIC = 225.4; Table 3), Bd infection status had a positive
relationship with the following variables: elevation, number of
heterospecifics, and number of conspecifics (p = 0.01, p < 0.01,
p < 0.01; respectively). Precipitation had a negative relationship
with Bd infection status (p = 0.01), and mean temperature had
no significant relationship with Bd infection status (p = 0.09).
Our k-fold cross-validation of the best model showed an estimate
accuracy of 90% for the best model.

In addition to revealing an effect of conspecifics in the binary
logistic regression model (Table 3) we separated all field sampled
individuals for B. luciae into their respective social group sizes,
as determined by presence together under the same cover item.
There was a clear pattern where the probability of infection
increased 2x to 3x in social groups relative to individuals who
were found to be solitary (Table 4). Interestingly, there was no
effect of social group size (2 vs. 3 or 4+) on the prevalence of Bd,
revealing that sociality itself rather than size of social group is the
best indicator of Bd risk (Table 4).

Laboratory Host Susceptibility Trials
Both B. luciae and A. lugubris suffered high mortality from
chytridiomycosis in the laboratory experiments (Figures 3A,
4A), yet all of the uninfected controls for both species
survived the entire experiment with no mortality and no
positive Bd test results from the qPCR assay. None of the
B. luciae exposed to Bd-GPL (GPL lab-inoculated; Bd-GPL,
strain id#CJB57-(4)-p6) died (Figure 3A), however they did
become infected (Figure 3B). High mortality was observed
among B. luciae in the WS field-infected and WS lab-
inoculated groups, with 60 and 87.5% mortality, respectively.
When mortality between the two groups (WS field-infected
and WS lab-inoculated) was compared, we found no significant
difference between them (p = 0.08). However, there was a
significant difference in mortality rates between WS field-
infected and uninfected control groups (p < 0.05; Figure 3A),
and between WS lab-inoculated and uninfected controls (p <

0.001; Figure 3A). In A. lugubris, we also found a significant
difference in survival (p < 0.02; Figure 4A) between WS
lab-inoculated A. lugubris (71.4% mortality) compared to
the uninfected controls (Figure 4A). Although mortality was
observed in WS field-infected individuals (40% mortality), there
was no significant difference in mortality rates between the
WS field-infected and uninfected control groups (p = 0.3;
Figure 4A). When we compared the Bd-infection intensity of
individuals in our different groups (Figures 3B, 4B; uninfected
values not included), we consistently found higher levels of
infection in groups that suffered mortality, but the differences,
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TABLE 1 | Batrachochytrium dendrobatidis (Bd) prevalence in the Santa Lucia Mountains slender salamander (Batrachoseps luciae) and the arboreal salamander

(Aneides lugubris) museum specimens collected in California.

Species Decade Sample

size

Bd positive %

Prevalence

95% CI

Lower Upper Pr (no Bd)

B. luciae 1920–29 1 0 0 0 0 0.89

1930–39 30 0 0 0 0 0.03

1940–49 53 0 0 0 0 < 0.01

1950–59 0 0 0 0 0 1

1960–69 40 0 0 0 0 < 0.01

1970–79 1,292 34 2.63 1.829 3.658 < 0.01

1980–89 14 1 7.14 0.181 33.87 0.19

1990–99 65 19 29.23 18.6 41.82 < 0.01

2000–09 27 4 14.81 4.189 33.73 0.04

2010–15 387 38 9.82 7.043 13.23 < 0.01

Total 1,909 96

A. lugubris 1920–29 0 0 0 0 0 1

1930–39 0 0 0 0 0 1

1940–49 157 0 0 0 2.322 < 0.01

1950–59 152 0 0 0 2.397 < 0.01

1960–69 155 2 1.29 0.156 4.583 < 0.01

1970–79 173 4 2.31 0.633 5.814 < 0.01

1980–89 190 13 6.84 3.693 11.416 < 0.01

1990–99 65 11 16.92 8.762 28.266 < 0.01

2000–09 38 4 10.52 2.943 24.805 0.01

2010–15 27 6 16.67 8.621 42.258 0.04

Total 957 40

TABLE 2 | Batrachoseps luciae and Aneides lugubris field Bd prevalence by location, May 2014-March 2015.

Species Location Sample

size

Bd

positive

%

Prevalence

95% Credible Intervals

Lower Upper

B. luciae Don Dahvee 188 19 10.11% 0.07 0.15

Veterans Memorial 16 1 6.25% 0.01 0.29

Van Winkle 137 15 10.94% 0.68 0.17

Mission Trails 36 1 2.78% 0.01 0.14

Other 8 2 25% 0.07 0.60

Total 385 38 9.87% – –

A. lugubris Monterey Co. 21 5 23.81% 0.11 0.45

Other 12 1 8.33% 0.02 0.36

Total 33 6 18.18% – –

compared as averages compiled for each group, were not
significantly different.

Host Skin Bacteria Bd Inhibition Trials
A total of 32 bacterial samples were identified using 16S
rDNA sequencing (Supplementary Table 1). The majority of
bacterial isolated demonstrated significant Bd inhibitory activity
against Bd-GPL, strain id#CJB57-(4)-p6. Thirteen isolates
were identified from five B. luciae hosts’ skin microbiome;
and, all of the isolates demonstrated significant levels of

Bd inhibition. The A. lugubris skin microbiome from three
hosts yielded 13 isolates (Supplementary Table 1) and 10
of them demonstrated Bd inhibition. We also identified 6
bacterial isolates from the A. lugubris egg mass, and half
of the isolates demonstrated similar Bd inhibitory activity.
Isolates represented 4 bacterial phyla, Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes. Isolates from B. luciae
skin represented Proteobacteria (61.5%), Firmicutes (23.1%),
and Actinobacteria (15.4%). A. lugubris skin bacterial isolates
mirrored these phyla representations; Proteobacteria (76.9%)
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FIGURE 2 | Bd prevalence and infection intensity by decade in museum specimens of (A) Aneides lugubris and (B) Batrachoseps luciae. From left to right, 1st Y-axis

and bars represents sample size, 2nd Y-axis axis and blue line graph represents Bd infection prevalence, and the 3rd Y-axis and dotted red line represents Bd

infection intensity (Log10 zoospore equivalents). Error bars represent credible intervals of Bd infection prevalence based on a binomial distribution and a 0.11

expected Bd prevalence from an area where Bd is assumed to be endemic (21, 60).

was the dominant phylum, followed by Firmicutes (15.4%)
and Actinobacteria (7.7%). Isolates from A. lugubris eggs
also had Proteobacteria (50%), Bacteroidetes (33.6%), and
Firmicutes as the most abundant Phyla (16.7%). Inhibitory
isolates were found to span all 4 phyla, with only Proteobacteria
and Firmicutes containing isolates that had no effect on
Bd growth.

DISCUSSION

The results from our 90-year retrospective museum study suggest
that Bd emerged in B. luciae and A. lugubris in the late 1960s
and early 1970s, with prevalence and infection intensity steadily

increasing into the 1990s. In B. luciae, the proportion of Bd-
infected specimens tested decreased from a high near 30% Bd-
positive in the 1990s to below 10% Bd-positive in more recent
time periods. A similar temporal pattern has been documented
in previous retrospective studies of amphibians in California
(19, 21, 22, 25, 28, 30, 32). Thus, our study provides further
support for the hypothesis that Bd invaded California, but
establishment, emergence and spread occurred several decades
after Bd was first detected. This emergence is roughly coincident
with two of the earliest documented mass-die off events for
anurans (frogs) in North America, both in 1978 (32, 64, 65).
In addition, we suggest that the temporal patterns of Bd that
we describe may signal a shift from epizootic dynamics in the
1970–1990’s to more stable enzootic dynamics in the years since
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TABLE 3 | Top 4 models of the stepwise binary logistic regression for B. luciae

and A. lugubris with Bd infection status as the dependent variable.

Variables Model 1 Model 2 Model 3 Model 4

Precipitation (–) X X X X

Mean temperature X X X X

Elevation (+) X X X X

Number of conspecifics (+) X X X X

Number of heterospecifics (+) X X X X

Species X X X

Maximum temperature X X

Snout-to-vent Length X

AIC 229 228 226 225

1AIC NA 1 2 1

(+) Indicates a significant positive relationship with Bd infection status while (–) indicates

a negative relationship with Bd infection status in the best model (model 4, AIC = 225).

TABLE 4 | Effects of B. luciae group size on Bd infection prevalence: “Group

size” = number individuals under cover item; “No. groups” = number of replicate

groups found of each size; “No. individuals” = total individuals observed of each

group size category; “No. sampled” = number of individuals observed that were

swabbed; “No. infected” = number of sampled individuals that were Bd positive.

Group size No.

groups

No.

individuals

No.

sampled

No.

infected

%

sampled

infected

1 164 164 164 8 4.9%

2 41 82 76 8 10.5%

3 17 51 50 7 14%

4 or more 20 148 95 15 15.8%

2000 (20, 45). This pattern is consistent with the one proposed
for the Sierra Nevada yellow-legged frog, Rana sierrae (66),
that suffered a major decline and appears to be recovering
after nearly four decades despite Bd infections remaining in
host populations (45). However, Bd infections may still slow
population growth even in species that may have survived
epizootics (20, 46).

We find no indication of a unidirectional spread of Bd across a
large geographic range, which is consistent with previous studies
on historical Bd invasion in California (19, 21, 25, 28, 30).
Previous studies found evidence that Bd may have invaded
California earlier than we detected in our study (67, 68), but
as new evidence comes to light, it seems clear that those early
invasions of Bd did not become established or spread widely
until several (∼4–5) decades later (19, 21, 22, 30). Our results
are consistent with a regional pattern (western North America)
showing a geographic expansion of collection localities for Bd-
positive samples, as well as a large increase in the number
of Bd-positive samples detected beginning ∼1969–1972, and
is consistent with previous work (19, 21, 25, 28, 30). What
caused the invasion of Bd to California remains unclear, but
the introduction of non-native amphibians is one likely factor
(26, 32, 67, 68), and there are indications this also could be

FIGURE 3 | Results of Batrachoseps luciae Bd susceptibility trial [four

treatment groups; wild-strain (WS) lab-inoculated (n = 8; dotted line),

wild-strain (WS) field infected (n = 10; dashed line), GPL (global panzootic

lineage) lab-inoculated (n = 8; solid line), and uninfected control group (n = 5;

dash and dot line)] showing Kaplan-Meier survival estimate (A) illustrating

proportion of individuals surviving over time, and (B) average Bd infection

intensity (zoospore equivalents, log scale) over time.

important globally (24, 69–71). The invasion of Bd in western
North America and elsewhere was unnoticed because the first
epizootics [e.g., frogs in the Sierra Nevada; (19)] occurred two or
three decades before Bd was first discovered (10, 14). For cryptic,
understudied species like terrestrial salamanders in California, we
hypothesize that it is possible they experienced un-documented
Bd-epizootics in the past [“ghost of epidemics past”; (23)], but
also escaped notice due to their cryptic life history, behavior, and
relatively unstudied populations compared to frogs [e.g., unlike
salamanders, many frogs have large, often noticeable populations,
schools of larvae-tadpoles, and vocalize during mating; (72)].
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FIGURE 4 | Results of Aneides lugubris Bd susceptibility trial [three treatment

groups; wild-strain (WS) lab-inoculated (n = 7; dotted line), wild-strain (WS)

field infected (n = 5; dashed line), and uninfected control group (n = 6; solid

line)] with Kaplan-Meier survival estimate (A) illustrating proportion of

individuals surviving over time, and (B) average Bd infection intensity

(zoospore equivalents, log scale) over time.

Our field study indicates that both B. luciae and A. lugubris
populations in the Monterey Bay Area, California, currently
sustain Bd infection prevalence at or slightly below 20% without
visible epizootics (we found no carcasses and infected individuals
appeared healthy when captured, only to die later in captivity
from chytridiomycosis). Because both B. luciae and A. lugubris
contract Bd in the wild and overlap in both diet andmicrohabitat,
it is likely that interspecific contact plays a role in disease
transmission. Our logistic regression found that the number ofA.
lugubris in proximity to B. luciae does, in fact, correlate positively
with higher disease prevalence and infection intensity in B. luciae.

The same is not true, however, when considering the proximity
of B. luciae to A. lugubris, which may be a sample size issue
because we did not find as many A. lugubris. It is interesting
to note that A. lugubris have a much broader distribution, and
have almost twice the Bd infection prevalence, whichmay suggest
that A. lububris could be a source of Bd infection in B. luciae
and perhaps other species. Nevertheless, the mechanism behind
any asymmetric effect of co-infection remains unclear. One
possibility is that A. lugubris is a more effective vector of Bd
than B. luciae; for example, A. lugubris are much larger and as
such, may shed more infective zoospores than a much smaller B.
luciae. The shedding rate of Bd zoospores is thought to directly
affect infection dynamics (53, 55, 73). It is possible that predation
attempts by A. lugubris on B. luciae (rather than vice versa) may
provide opportunities for individual contact between the two
species or increase stress in the prey, which could facilitate the
unidirectional transfer of zoospores or increased susceptibility
of infection from predator to prey, increasing the transmission
rate and ultimately the infection prevalence of the prey species,
B. luciae.

Our results showing a positive relationship between sociality
and Bd prevalence suggest that, in B. luciae, attraction to
conspecifics is likely to facilitate disease spread. It is well-known
that both the overall size of social groups as well as their
intrinsic structure can facilitate parasite transmission (34, 35).
A social structure involving high rates of behavioral interaction
among hosts within a group can result in rapid and sustained
pathogen spread, especially when individuals are susceptible
to re-infection (74, 75). Individual B. luciae in social groups
were often found in direct skin-to-skin contact, similar to other
species studied within the same genus (21, 25). Under these
conditions of frequent contact, social organisms are known to
experience higher rates of infection and pathogen spread in a
population (R0), even when infection arises from a single initially
infected individual (76, 77). Despite the costs of group living
that relate to parasites and pathogens, it has also been shown
that social behavior can benefit hosts by spreading beneficial
microbes important in disease resistance (78, 79). While our
study found a behavioral effect, with larger groups of B. luciae
having higher infection prevalence, it is possible that these social
groups also harbored more protective microbes, which could
mitigate the effect of the fungal pathogen [as we found in our skin
bacterial cultures; (80)]. However, there are several alternative
explanations. For example, Bd-infected B. luciae may prefer to
group, while uninfected individuals prefer to be solitary, or there
could be some environmental factors, not included in this study,
that could make some locations more favorable for the hosts and
lead to host aggregation. A retrospective study in Batrachoseps
attenuatus, a closely related and similar species, found a Bd
infection pattern consistent with our study: Bd infection was
positively associated with host group size (21). This study also
revealed that host populations with longer Bd exposure histories
(over several decades) were significantly less social (i.e., had
smaller average group sizes) than host populations with either a
short history of infection (months to a few years) or populations
very recently infected by Bd (21). These combined results suggest
that socialitymay increase Bd transmission rate while also leading
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populations with long-term exposure to evolve away from the
proposed ancestral mode of sociality.

When uninfected wild collected B. luciae and A. lugubris
were exposed to wild strain Bd (WS lab-inoculated) they were
highly susceptible and experienced high mortality, ∼90%, and
>70%, respectively. In both species, individuals that succumbed
to the disease exhibited similarly high levels of Bd infection
intensity consistent with signs of chytridiomycosis as described
by the Vredenburg 10,000 Zoospore Rule (17, 54). Interestingly,
B. luciae were not susceptible when exposed to Bd-GPL. This
Bd genotype has been sequenced and described as the “Global
Panzootic Lineage” [Bd-GPL (39)], and is the same lineage found
in Bd epizootics that were responsible for species extinction
events in Central and South America and Australia (12, 23).
Different genotypes of Bd have varying levels of virulence on
hosts (12, 24, 38, 81). Of the most widespread and well-known
Bd lineages, Bd-GPL is the most virulent on adult hosts (38). The
fact that we found no mortality of B. luciae when exposed to Bd-
GPL may indicate that hosts are adapted to this lineage, or that
the culture had decreased in virulence in captivity. Other studies
have proposed similar ideas regarding host adaptation to Bd
lineages [(40); reviewed in (12)]. The cultured Bd-GPL we used
to expose B. luciae was collected from Rana muscosa populations
experiencing Bd epizootics that subsequently drove populations
to extinction (17). For this study, the Bd-GPL culture was revived
from cryopreserved culture before the trials; we did not use
a culture that was continually kept active. Cryopreservation
decreases passage rates, which are known to decrease virulence
in many pathogens kept cultured in laboratory conditions (82).
The Bd-GPL culture used here was lethal to frogs in other
Bd laboratory susceptibility experiments using the exact same
exposure protocol we used (45, 50, 53). Along with previous
studies, we conclude that pathogen lineage should be carefully
considered when designing host susceptibility trials and should
be linked with contemporary field studies whenever possible
(83, 84).

For this study, we also inoculated individuals from both
salamander species with Bd from live, collected wild Bd-infected
salamanders. Laboratory conditions vary greatly from the wild,
and we suggest that laboratory susceptibility trials are best
interpreted in conjunction with other data (e.g., spatio-temporal
infection prevalence, host behavior, and other biotic and abiotic
factors) that could help describe the particular context of the
host/pathogen dynamics. Despite extensive searches, we did not
find sick or dying animals in our field surveys, and population
declines have not been reported for these two species; however,
there are also no population surveys available that could be used
to detect declines for these species. In addition, the absence of
sick or dying individuals in the field alone is not enough evidence
to suggest that the pathogen is not affecting populations in the
wild (23, 46). Salamanders are known to quickly decompose in
the wild after death, and thus ascertainment bias may occur.
This is especially important to consider given the fact that the
wild strain Bd caused high mortality in both B. luciae and
A. lugubris individuals in our laboratory susceptibility trials
(Figures 3A, 4A). In fact, to our knowledge, most population
extinctions caused by Bd epizootics revealed few sick animals

or carcasses [but see (17, 85)] before populations disappeared,
perhaps because amphibian carcasses are rapidly consumed
by predators, scavengers, and saprophytic microbes. Finally,
it is important to recognize that for terrestrial salamanders,
dead individuals are not expected to be conspicuous since
these species live under cover items and/or underneath the
soil surface. Unlike previous studies mainly on frogs where
hosts are exposed to Bd while in aquatic habitats, our host
species are exposed to Bd in terrestrial habitats and never go to
aquatic habitats. How this impacts chytridiomycosis dynamics is
poorly understood.

There is a growing body of evidence that host skin
microbiome communities affect host health. Several studies have
shown that Bd-inhibiting skin bacteria from hosts can inhibit
Bd growth and limit the effects of Bd on susceptible amphibians
(36, 80, 86, 87), and Bd inhibiting skin bacteria occur on many
amphibian species (58, 88, 89), including terrestrial salamanders
that live in California (90, 91). In this study we found Bd
inhibiting bacteria on both focal salamander species, with a
high percentage of culturable species exhibiting Bd inhibition
(B. luciae, 100%; A. lugubris, 81.2%, and A. lugubris eggs, 75%)
compared to other studies (58, 89, 92, 93). The swab culturing
methodology used in this and other studies, however, is not
perfect. For example, we did not test for other organisms (e.g.,
fungi) in the swab cultures, and it is possible that they could
affect our bacterial culturing efforts. The high percentage of
B. luciae bacterial isolates that inhibited the Bd-GPL culture
is in accordance with our susceptibility trial data, in which
B. luciae exposed to this Bd culture exhibited no mortality.
This suggests that Bd inhibitory isolates on B. luciae skin may
help this salamander species resist Bd induced mortality. The
wild Bd was not available in culture, and thus we cannot draw
direct conclusions about the bacterial inhibition on it. However,
since previous studies examining populations of threatened
amphibians have revealed a correlation between presence of
Bd inhibitory symbiotic skin bacteria and resistance to Bd
infections in the wild (87, 94, 95), we propose that some of
the skin bacteria found living on B. luciae and A. lugubris may
provide a mechanism for survival of Bd-infected individuals in
the wild.

Our retrospective analysis shows Bd invasion, establishment,
and emergence in two sympatric species of terrestrial
salamanders. This is consistent with patterns in other hosts
from previous retrospective studies of Bd in California
(19, 21, 22, 25, 28, 30, 32). We suggest that other amphibian
species in California, including the most diverse group
[salamanders; (1)], may have been negatively affected by this
pathogen in the past, but because the invasion and emergence
occurred before the pathogen was described, this phenomenon
may have been overlooked [“ghost of epizootics past”; (23)].
Population monitoring of salamanders that live cryptically is
challenging, which makes it likely that any present or past effects
of Bd on salamander populations may not have been measured.
Although the two species we studied differ greatly in range size,
abundance, and social behavior, the timing of emergence in both
species is strikingly similar to each other and to other studies in
western North America (19, 21, 30). However, our results are in
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stark contrast to studies that used the exact same techniques to
test for Bd-infection in museum specimens collected in other
areas. For example, Talley et al. (60) found Bd-infected specimens
consistently in ∼11% of specimens dating across over a century
of collections (as far back as the 1890s) in specimens collected
throughout Illinois, USA. In Brazil, Rodriguez et al. (96) found
Bd-infected specimens consistently in∼40% of specimens dating
across all decades going back 100 years. For both of these studies,
many Bd-infected specimens were discovered even in the oldest
specimens, suggesting that the technique developed by Cheng et
al. (50) is robust.

We found that heterospecific hosts may influence disease.
For example, the presence of A. lugubris may influence disease
prevalence and infection intensity of B. luciae. We found that A.
lugubris have high prevalence of Bd in wild populations, which
could possibly increase the chances of Bd transmission to other
heterospecific hosts. Other species have been proposed as Bd
reservoirs (53) or Bd super shedders (97), and A. lugubris shares
some similar qualities. The arboreal salamander, A. lugubris, has
an expansive geographic range that overlaps in distribution with
28 of California’s 49 salamander species (1), has a relatively high
proportion of infected individuals in nature, and is able to infect
other host species (this study). This species is often found in
close proximity to other hosts (terrestrial salamanders genera:
Aneides, Batrachoseps, Ensatina), even under the same cover
items (e.g., woody debris such as logs, bark). Several amphibian
species sympatric with A. lugubris have been identified as
Bd-positive (21, 22, 25, 30), but little is known about their
susceptibility to Bd or whether their infection status might also
be influenced by proximity to A. lugubris individuals. Reservoir
species, and super shedders also pose a risk in that they could
spread novel pathogens that may invade in the future (26).
For example, Batrachochytrium salamandrivorans (Bsal), another
recently discovered chytridiomycete pathogen, has caused mass
die offs in wild salamander populations in Europe (98–101),
but has not been found in North America (102). Bsal-infected
animals are present in the international amphibian pet trade
(103, 104), and this puts North American salamanders, including
the terrestrial salamanders, at further risk of new epizootic
disease (26, 105, 106). If we hope to use disease theory to help
predict and mitigate disease risk in amphibians, we suggest that

additional studies on chytridiomycosis in terrestrial salamanders
are urgently needed.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: https://amphibiandisease.
org/projects/?id=251, https://n2t.net/ark:/21547/Ajp2.

ETHICS STATEMENT

The animal study was reviewed and approved by San Francisco
State University Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

MC, VV, and AZ conceived and designed the experiments. MC
and WS performed the experiments and conducted fieldwork.
MC, HS, WS, TY, VV, and AZ analyzed the data. MC, WS, TY,
HS, VV, and AZ wrote the manuscript. MK provided editorial
advice. All authors contributed to the article and approved the
submitted version.

FUNDING

This project was funded by NSF IOS – 1258133 AZ and VV,
and through the Belmont Forum project: People, Pollution, and
Pathogens (P3); NSF 1633948 to VV. Funding also came from
San Francisco State University Instructionally Related Activities
Grants awarded to MC, and from theWhitman Internship Grant
awarded to WS. Publication made possible in part by support
from the Berkeley Research Impact Initiative (BRII) sponsored
by the UC Berkeley Library.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.742288/full#supplementary-material

REFERENCES

1. AmphibiaWeb (2021). Available online at: https://amphibiaweb.org

(accessed 1 May, 2021)

2. Wake DB, Koo MS. Amphibians. Curr Biol. (2018) 28:R1237–

41. doi: 10.1016/j.cub.2018.09.028

3. Wake DB, Vredenburg VT. Are we in the midst of the sixth mass extinction?

A view from the world of amphibians. Proc Natl Acad Sci USA. (2008)

105:11466–73. doi: 10.1073/pnas.0801921105

4. Barnosky AD, Matzke N, Tomiya S, Wogan GO, Swartz B, Quental TB,

et al. Has the Earth’s sixth mass extinction already arrived? Nature. (2011)

471:51–7. doi: 10.1038/nature09678

5. Alroy J. Current extinction rates of reptiles and amphibians. Proc Natl Acad

Sci USA. (2015) 112:13003–8. doi: 10.1073/pnas.1508681112

6. Finlay JC, Vredenburg VT. Introduced trout sever trophic connections

in watersheds: consequences for a declining amphibian. Ecology. (2007)

88:2187–98. doi: 10.1890/06-0344.1

7. Colón-Gaud C, Whiles MR, Kilham SS, Lips KR, Pringle CM, Connelly

S, et al. Assessing ecological responses to catastrophic amphibian

declines: patterns of macroinvertebrate production and food web structure

in upland Panamanian streams. Limnol Oceanography. (2009) 54:331–

43. doi: 10.4319/lo.2009.54.1.0331

8. Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues AS, Fischman DL,

et al. Status and trends of amphibian declines and extinctions worldwide.

Science. (2004) 306:1783–6. doi: 10.1126/science.1103538

9. Skerratt, LF, Berger L, Speare R, Cashins S, McDonald KR, et al. Spread of

chytridiomycosis has caused the rapid global decline and extinction of frogs.

Ecoealth. (2007) 4:125–34. doi: 10.1007/s10393-007-0093-5

Frontiers in Veterinary Science | www.frontiersin.org 12 November 2021 | Volume 8 | Article 742288

https://amphibiandisease.org/projects/?id=251
https://amphibiandisease.org/projects/?id=251
https://n2t.net/ark:/21547/Ajp2
https://www.frontiersin.org/articles/10.3389/fvets.2021.742288/full#supplementary-material
https://amphibiaweb.org
https://doi.org/10.1016/j.cub.2018.09.028
https://doi.org/10.1073/pnas.0801921105
https://doi.org/10.1038/nature09678
https://doi.org/10.1073/pnas.1508681112
https://doi.org/10.1890/06-0344.1
https://doi.org/10.4319/lo.2009.54.1.0331
https://doi.org/10.1126/science.1103538
https://doi.org/10.1007/s10393-007-0093-5
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Cowgill et al. Chytridiomycosis in Co-occurring Terrestrial Salamanders

10. 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 Natl Acad

Sci USA. (1998) 95:9031–6. doi: 10.1073/pnas.95.15.9031

11. Fisher MC, Garner TW. The relationship between the emergence of

Batrachochytrium dendrobatidis, the international trade in amphibians

and introduced amphibian species. Fungal Biol Rev. (2007) 21:2–99

(2007). doi: 10.1016/j.fbr.2007.02.002

12. Fisher MC, Garner TWJ. Chytrid fungi and global amphibian declines. Nat

Rev Microbiol. (2020) 18:332–43. doi: 10.1038/s41579-020-0335-x

13. Olson DH, Ronnenberg KL, Glidden CK, Christiansen KR, Blaustein

AR. Global patterns of the fungal pathogen Batrachochytrium

dendrobatidis support conservation urgency. Front Vet Sci. (2021)

8:685877. doi: 10.3389/fvets.2021.685877

14. Longcore JE, Pessier AP, Nichols DK. Batrachochytrium dendrobatidis gen.

et sp. nov., a Chytrid Pathogenic to Amphibians. Mycologia. (1999) 91:219–

27. doi: 10.1080/00275514.1999.12061011

15. Martel A, Spitzen-van der Sluijs A, Blooi M, Bert W, Ducatelle R,

Fisher MC, et al. Batrachochytrium salamandrivorans sp. nov. causes lethal

chytridiomycosis in amphibians. Proc Natl Acad Sci USA. (2013) 110:15325–

9. doi: 10.1073/pnas.1307356110

16. Rachowicz, LJ, Knapp RA, Morgan J. A. T., Stice MJ, Vredenburg VT,

et al. Emerging infectious disease as a proximate cause of amphibian

mass mortality. Ecology. (2006) 87:1671–83. doi: 10.1890/0012-

9658(2006)87[1671:EIDAAP]2.0.CO;2

17. Vredenburg VT, Knapp RA, Tunstall TS, Briggs CJ. Dynamics of an

emerging disease drive large-scale amphibian population extinctions. Proc

Natl Acad Sci USA. (2010) 107:9689–94. doi: 10.1073/pnas.0914111107

18. Voyles J, Vredenburg VT, Tunstall TS, Parker JM, Briggs CJ,

Rosenblum EB. Pathophysiology in mountain yellow-legged frogs

(Rana muscosa) during a chytridiomycosis outbreak. PLoS ONE. (2012)

7:35374. doi: 10.1371/journal.pone.0035374

19. Vredenburg VT, McNally SVG, Sulaeman H, Butler HM,

Yap T, Koo MS, et al. Pathogen invasion history elucidates

contemporary host pathogen dynamics. PLoS ONE. (2019)

14:e0219981. doi: 10.1371/journal.pone.0219981

20. Briggs, CJ, Knapp RA, Vredenburg VT. Enzootic and epizootic dynamics of

the chytrid fungal pathogen of amphibians. Proc Natl Acad Sci USA. (2010)

107:9695–700. doi: 10.1073/pnas.0912886107

21. Sette, CM, Vredenburg VT, Zink AG. Reconstructing historical

and contemporary disease dynamics: a case study using the

California slender salamander. Biol Conserv. (2015) 192:20–

9. doi: 10.1016/j.biocon.2015.08.039

22. Chaukulkar S, Sulaeman H, Zink AG, Vredenburg VT. Pathogen invasion

and non-epizootic dynamics in Pacific newts in California over the

last century. PLoS ONE. (2018) 13:e0197710. doi: 10.1371/journal.pone.

0197710

23. James TY, Toledo LF, Rödder D, Silva Leite D, Belasen AM, Betancourt-

Román CM, et al. Disentangling host, pathogen, and environmental

determinants of a recently emerged wildlife disease: lessons from the first

15 years of amphibian chytridiomycosis research. Ecol Evol. (2015) 5:4079–

97. doi: 10.1002/ece3.1672

24. Fisher MC, Garner TWJ, Walker SF. Global emergence of

Batrachochytrium dendrobatidis and Amphibian Chytridiomycosis

in space, time and host. Ann Rev Microbiol. (2009) 63:291–310.

doi: 10.1146/annurev.micro.091208.073435

25. Sette CM, Vredenburg VT, Zink AG. Differences in fungal disease dynamics

in co-occurring terrestrial and aquatic amphibians. EcoHealth. (2020)

17:302–14. doi: 10.1007/s10393-020-01501-z

26. Yap T, Koo M, Ambrose RF, Wake DB, Vredenburg VT. Averting a

biodiversity crisis. Science. (2015) 349:481–2. doi: 10.1126/science.aab1052

27. Vredenburg VT, Koo MS, Wake DB. Declines of

amphibians in California. Threat Amphibians World. (2008)

1:126. doi: 10.1016/B978-012226865-6/00578-X

28. De León ME, Vredenburg VT, Piovia-Scott J. Recent emergence of a chytrid

fungal pathogen in California Cascades frogs (Rana cascadae). EcoHealth.

(2017) 14:155–61. doi: 10.1007/s10393-016-1201-1

29. Hyde EJ, Simons TR. Sampling plethodontid salamanders: sources of

variability. J Wildlife Manage. (2001) 65:624–32. doi: 10.2307/3803013

30. Yap TA, Gillespie L, Ellison S, Flechas SV, Koo MS, Martinez

AE, et al. Invasion of the fungal pathogen Batrachochytrium

dendrobatidis on California islands. EcoHealth. (2016) 13:145–

50. doi: 10.1007/s10393-015-1071-y

31. Adams AJ, Kupferberg SJ, Wilber MQ, Pessier AP, Grefsrud M, Bobzien

S, et al. Extreme drought, host density, sex, and bullfrogs influence

fungal pathogen infection in a declining lotic amphibian. Ecosphere. (2017)

8:e01740. doi: 10.1002/ecs2.1740

32. Yap TA, Koo MS, Ambrose RF, Vredenburg VT. Introduced bullfrog

facilitates pathogen invasion in the western United States. PLoS ONE. (2018)

13:e0188384. doi: 10.1371/journal.pone.0188384

33. Ostfeld RS, Glass GE, Keesing F. Spatial epidemiology: an

emerging (or re-emerging) discipline. Trends Ecol Evolut. (2005)

20:328–336. doi: 10.1016/j.tree.2005.03.009

34. Schmid-Hempel P. Parasites and their social hosts. Trends Parasitol. (2017)

33:453–62. doi: 10.1016/j.pt.2017.01.003

35. White LA, Forester JD, Craft ME. Dynamic, spatial models of parasite

transmission in wildlife: their structure, applications and remaining

challenges. J Anim Ecol. (2017) 87:559–80. doi: 10.1111/1365-2656.12761

36. Bernardo-Cravo AP, Schmeller DS, Chatzinotas A, Vredenburg VT, Loyau

A. Environmental factors and host microbiomes shape host–pathogen

dynamics. Trends Parasitol. (2020) 36:616–33. doi: 10.1016/j.pt.2020.04.010

37. Morgan JAT, Vredenburg VT, Rachowicz LJ, Knapp RA, Stice MJ,

Tunstall T, et al. Population genetics of the frog killing fungus

Batrachochytrium dendrobatidis. Proc Natl Acad Sci USA. (2007) 104:13845–

50. doi: 10.1073/pnas.0701838104

38. O’Hanlon SJ, Rieux A, Farrer RA, Rosa GM, Waldman B, Bataille A, et

al. Recent Asian origin of chytrid fungi causing global amphibian declines.

Science. (2018) 360:621–7. doi: 10.1126/science.aar1965

39. 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) 110:9385–90.

doi: 10.1073/pnas.1300130110

40. Jenkinson TS, Betancourt Román CM, Lambertini C, Valencia-Aguilar

A, Rodriguez D, Nunes-de-Almeida CH, et al. Amphibian-killing

chytrid in Brazil comprises both locally endemic and globally

expanding populations. Mol Ecol. (2016) 25:2978–96. doi: 10.1111/mec.

13599

41. Farrer RA, Weinert LA, Bielby J, Garner TWJ, Balloux F, Clare F, et al.

Multiple emergences of genetically diverse amphibian-infecting chytrids

include a globalized hypervirulent recombinant lineage. Proc Natl Acad Sci

USA. (2011) 108:18732–6. doi: 10.1073/pnas.1111915108

42. Jockusch EL, Yanev KKP, Wake DB. Molecular phylogenetic analysis of

slender salamanders, genus batrachoseps (Amphibia: Plethodontidae), from

central coastal california with descriptions of four new species. Herpetol

Monographs. (2001) 15:54–9. doi: 10.2307/1467038

43. Sodhi, NS, Bickford D, Diesmos AC, Lee TM, Koh LP, et al. Measuring the

meltdown: drivers of global amphibian extinction and decline. PLoS ONE.

(2008) 3:e1636. doi: 10.1371/journal.pone.0001636

44. Pimm SL, Jenkins CN, Abell R, Brooks TM, Gittleman JL, Joppa LN, et al.

The biodiversity of species and their rates of extinction, distribution, and

protection. Science. (2014) 344:1246752. doi: 10.1126/science.1246752

45. Knapp RA, Fellers GM, Kleeman PM, Miller DA, Vredenburg VT,

Rosenblum, et al. Large-scale recovery of an endangered amphibian despite

ongoing exposure to multiple stressors. Proc Natl Acad Sci USA. (2016)

113:11889–94. doi: 10.1073/pnas.1600983113

46. Russell RE, Halstead BJ, Mosher BA, Muths E, Adams MJ, Grant E. H. C., et

al. Effect of amphibian chytrid fungus (Batrachochytrium dendrobatidis) on

apparent survival of frogs and toads in the western USA. Biol Conserv. (2019)

236:296–304. doi: 10.1016/j.biocon.2019.05.017

47. Briggs, C, Vredenburg VT, Knapp RA, Rachowicz LJ. Investigating the

population-level effects of chytridiomycosis, a fungal disease of amphibians.

Ecology. (2005) 86:3149–59. doi: 10.1890/04-1428

48. Boyle DG, Boyle DB, Olsen V, Morgan JAT, Hyatt AD. Rapid quantitative

detection of chytridiomycosis (Batrachochytrium dendrobatidis) in

Frontiers in Veterinary Science | www.frontiersin.org 13 November 2021 | Volume 8 | Article 742288

https://doi.org/10.1073/pnas.95.15.9031
https://doi.org/10.1016/j.fbr.2007.02.002
https://doi.org/10.1038/s41579-020-0335-x
https://doi.org/10.3389/fvets.2021.685877
https://doi.org/10.1080/00275514.1999.12061011
https://doi.org/10.1073/pnas.1307356110
https://doi.org/10.1890/0012-9658(2006)87[1671:EIDAAP]2.0.CO;2
https://doi.org/10.1073/pnas.0914111107
https://doi.org/10.1371/journal.pone.0035374
https://doi.org/10.1371/journal.pone.0219981
https://doi.org/10.1073/pnas.0912886107
https://doi.org/10.1016/j.biocon.2015.08.039
https://doi.org/10.1371/journal.pone.0197710
https://doi.org/10.1002/ece3.1672
https://doi.org/10.1146/annurev.micro.091208.073435
https://doi.org/10.1007/s10393-020-01501-z
https://doi.org/10.1126/science.aab1052
https://doi.org/10.1016/B978-012226865-6/00578-X
https://doi.org/10.1007/s10393-016-1201-1
https://doi.org/10.2307/3803013
https://doi.org/10.1007/s10393-015-1071-y
https://doi.org/10.1002/ecs2.1740
https://doi.org/10.1371/journal.pone.0188384
https://doi.org/10.1016/j.tree.2005.03.009
https://doi.org/10.1016/j.pt.2017.01.003
https://doi.org/10.1111/1365-2656.12761
https://doi.org/10.1016/j.pt.2020.04.010
https://doi.org/10.1073/pnas.0701838104
https://doi.org/10.1126/science.aar1965
https://doi.org/10.1073/pnas.1300130110
https://doi.org/10.1111/mec.13599
https://doi.org/10.1073/pnas.1111915108
https://doi.org/10.2307/1467038
https://doi.org/10.1371/journal.pone.0001636
https://doi.org/10.1126/science.1246752
https://doi.org/10.1073/pnas.1600983113
https://doi.org/10.1016/j.biocon.2019.05.017
https://doi.org/10.1890/04-1428
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Cowgill et al. Chytridiomycosis in Co-occurring Terrestrial Salamanders

amphibian samples using real-time Taqman, PCR assay. Dis Aquat

Organ. (2004) 60:141–8. doi: 10.3354/dao060141

49. Hyatt AD, Boyle DG, Olsen V, Berger L, Obendorf D, Dalton A,

et al. Diagnostic assays and sampling protocols for the detection

of Batrachochytrium dendrobatidis. Dis Aquat Organ. (2007) 73:175–

92. doi: 10.3354/dao073175

50. Cheng TL, Rovito SM, Wake DB, Vredenburg VT. Coincident mass

extirpation of neotropical amphibians with the emergence of the infectious

fungal pathogen Batrachochytrium dendrobatidis. Proc Natl Acad Sci USA.

(2011) 108:1–6. doi: 10.1073/pnas.1105538108

51. Richards-Hrdlicka KL. Extracting the amphibian chytrid

fungus from formalin-fixed specimens. Methods Evol. (2012)

3:842–9. doi: 10.1111/j.2041-210X.2012.00228.x

52. Lynch JF, Wake DB. Aneides lugubris (Hallowell); arboreal salamander.

Catal American Amphibians Reptiles. (1974) 1:159

53. Reeder NM, Pessier AP, Vredenburg VT. A reservoir species for

the emerging amphibian pathogen Batrachochytrium dendrobatidis

thrives in a landscape decimated by disease. PLoS ONE. (2012)

7:33567. doi: 10.1371/journal.pone.0033567

54. Kinney VC, Heemeyer JL, Pessier AP, Lannoo MJ. Seasonal pattern

of Batrachochytrium dendrobatidis infection and mortality in Lithobates

areolatus: affirmation of Vredenburg’s “10,000 Zoospore Rule”. PLoS ONE.

(2011) 6:16708. doi: 10.1371/journal.pone.0016708

55. Berger L, Roberts AA, Voyles J, Longcore JE, Murray KA, Skerratt LF.

History and recent progress on chytridiomycosis in amphibians. Fungal Ecol.

(2016) 19:89–99. doi: 10.1016/j.funeco.2015.09.007

56. Boyle DG, Hyatt AD, Daszak P, Berger L, Longcore JE, Porter D, et al. Cryo-

archiving of Batrachochytrium dendrobatidis and other chytridiomycetes.Dis

Aquat Organ. (2003) 56:59–64 doi: 10.3354/dao056059

57. Bell SC, Alford RA, Garland S S, Padilla G, Thomas AD. Screening bacterial

metabolites for inhibitory effects against Batrachochytrium dendrobatidis

using a spectrophotometric assay. Dis Aquat Organ. (2013) 103:77–

85. doi: 10.3354/dao02560

58. Holden WM, Hanlon SM, Woodhams DC, Chappell TM, Wells HL,

Glisson SM, et al. Skin bacteria provide early protection for newly

metamorphosed southern leopard frogs (Rana sphenocephala) against the

frog-killing fungus, Batrachochytrium dendrobatidis. Biol Conserv. (2015)

187:91–102. doi: 10.1016/j.biocon.2015.04.007

59. Phillips, BL, Puschendorf R. Do pathogens become more virulent as they

spread? Evidence from the amphibian declines in Central America. Proc R

Soc London B Biol Sci. (2013) 280:20131290. doi: 10.1098/rspb.2013.1290

60. Talley BL, Muletz CR, Vredenburg VT, Fleischer RC, Lips KR. A century

of Batrachochytrium dendrobatidis in Illinois amphibians (1888–1989). Biol

Conserv. (2015) 182:254–61. doi: 10.1016/j.biocon.2014.12.007

61. Ayer T, Chhatwal J, Alagoz O, Kahn CE, Woods RW, Burnside

ES. Comparison of logistic regression and artificial neural network

models in breast cancer risk estimation. Radiographics. (2010) 30:13–

22 doi: 10.1148/rg.301095057

62. Therneau TM, Lumley T. A Package for Survival Analysis in R. (2015).

Available online at: https://cran.r-project.org/package=survival

63. Rice WR. Analyzing tables of statistical tests. Evolution. (1989) 43:223–5.

doi: 10.1111/j.1558-5646.1989.tb04220.x

64. Bradford DF. Mass mortality and extinction in a high-elevation population

of Rana muscosa. J Herpetol. (1991) 25:174–7. doi: 10.2307/1564645

65. Sherman CK, Morton ML. Population declines of Yosemite toads in

the eastern Sierra Nevada of California. J Herpetol. (1993) 27:186–

98. doi: 10.2307/1564935

66. Vredenburg VT, Bingham R, Knapp R, Morgan JA, Moritz C, Wake DB.

Concordant molecular and phenotypic data delineate new taxonomy and

conservation priorities for the endangered mountain yellow-legged frog. J

Zool. (2007) 271:361–74. doi: 10.1111/j.1469-7998.2006.00258.x

67. Huss M, Huntley L, Vredenburg VT, Johns J, Green S. Prevalence of

Batrachochytrium dendrobatidis in 120 archived specimens of Lithobates

catesbeianus (American bullfrog) collected in California, 1924–2007.

EcoHealth. (2013) 10:339–43. doi: 10.1007/s10393-013-0895-6

68. Vredenburg VT, Felt SA, Morgan EC, McNally SVG, Wilson S, Green

SL. Prevalence of Batrachochytrium dendrobatidis in Xenopus Collected

in Africa (1871–2000) and in California (2001–2010). PLoS ONE. (2013)

8:e63791. doi: 10.1371/journal.pone.0063791

69. Mazzoni R. Emerging pathogen in wild amphibians and frogs (Rana

catesbeiana) farmed for international trade. Emerg Infect Dis. (2003) 9:995–

8. doi: 10.3201/eid0908.030030

70. Schloegel LM, Picco AM, Kilpatrick AM, Davies AJ, Hyatt AD,

Daszak P. Magnitude of the US. trade in amphibians and presence of

Batrachochytrium dendrobatidis and ranavirus infection in imported

North American bullfrogs (Rana catesbeiana). Biol Conserv. (2009)

142:1420–6. doi: 10.1016/j.biocon.2009.02.007

71. Ribeiro LP, Carvalho T, Becker GC, JenkinsonTS, Leite DdA,

James TY, et al. Bullfrog farms release virulent zoospores of the

frog-killing fungus into the natural environment. Sci Rep. (2019)

9:13422. doi: 10.1038/s41598-019-49674-0

72. Wells DK. The Ecology and Behavior of Amphibians. Chicago, IL: University

of Chicago Press (2007). doi: 10.7208/chicago/9780226893334.001.0001

73. Ohmer MEB, Cramp RL, White CR, Franklin CE. Skin sloughing rate

increases with chytrid fungus infection load in a susceptible amphibian.

Funct Ecol. (2015) 29:674–82. doi: 10.1111/1365-2435.12370

74. Ezenwa VO, Archie EA, Craft ME, Hawley DM, Martin LB, Moore

J, et al. Host behavior – parasite feedback: an essential link between

animal behavior and disease ecology. Proc Roy Soc B. (2015)

283:20153078. doi: 10.1098/rspb.2015.3078

75. White LA, Forester JD, Craft ME. Using contact networks to explore

mechanisms of parasite transmission in wildlife. Biol Rev. (2017) 92:389–

409. doi: 10.1111/brv.12236

76. Kermack WO, McKendrick AG. A contribution to the mathematical

theory of epidemics. Proc R Soc A Math Phys Eng Sci. (1927) 115:700–

21. doi: 10.1098/rspa.1927.0118

77. Venesky MD, Kerby JL, Storfer A, Parris MJ. Can differences in host

behavior drive patterns of disease prevalence in tadpoles? PLoS ONE. (2011)

6:e24991. doi: 10.1371/journal.pone.0024991

78. Lombardo MP. Access to mutualistic endosymbiotic microbes: an

underappreciated benefit of group living. Behav Ecol Sociobiol. (2008)

62:479–97. doi: 10.1007/s00265-007-0428-9

79. Banning JL, Weddle AL, Wahl GW, Simon MA, Lauer A, Walters RL, et

al. Antifungal skin bacteria, embryonic survival, and communal nesting in

four-toed salamanders,Hemidactylium scutatum.Oecologia. (2008) 156:423–

9 doi: 10.1007/s00442-008-1002-5

80. Vredenburg VT, Briggs CJ, Harris RN. Host pathogen dynamics of

amphibian chytridiomycosis: the role of the skin microbiome in health and

disease. In: editors L Olson, E Choffnes, D Relman, L Pray Fungal, Diseases:

An Emerging Threat to Human, Animal, and Plant Health. Washington, DC:

National Academy Press. (2011). p. 342–55.

81. Gahl MK, Longcore JE, Houlahan JE. Varying responses of

northeastern North American amphibians to the chytrid pathogen

Batrachochytrium dendrobatidis. Conserv Biol. (2012) 26:135–41.

doi: 10.1111/j.1523-1739.2011.01801.x

82. Berger L, Marantelli G, Skerratt LF, Speare R. Virulence of the amphibian

chytrid fungus Batrachochytrium dendrobatidis varies with the strain. Dis

Aquat Organ. (2005) 68:47–50. doi: 10.3354/dao068047

83. Byrne AQ, Poorten TJ, Voyles J, Willis CKR, Rosenblum EB.

Opening the file drawer: unexpected insights from a chytrid infection

experiment. PLoS ONE. (2018) 13:e0196851. doi: 10.1371/journal.pone.0

196851

84. Refsnider JM, Poorten TJ, Langhammer PF, Burrowes PA, Rosenblum BE.

Genomic correlates of virulence attenuation in the deadly amphibian chytrid

fungus, Batrachochytrium dendrobatidis. G3 Genes Genom Genet. (2015)

5:2291–8. doi: 10.1534/g3.115.021808

85. Lips KR, Brem F, Brenes R, Reeve JD, Alford RA, Voyles J, et al.

Emerging infectious disease and the loss of biodiversity in a Neotropical

amphibian community. Proc Natl Acad Sci USA. (2006) 103:3165–

70. doi: 10.1073/pnas.0506889103

86. Lam BA, Walke JB, Vredenburg VT, Harris RN. Proportion of individuals

with anti-Batrachochytrium dendrobatidis skin bacteria is associated with

population persistence in the frog Rana muscosa. Biol Conserv. (2010)

143:529–31. doi: 10.1016/j.biocon.2009.11.015

Frontiers in Veterinary Science | www.frontiersin.org 14 November 2021 | Volume 8 | Article 742288

https://doi.org/10.3354/dao060141
https://doi.org/10.3354/dao073175
https://doi.org/10.1073/pnas.1105538108
https://doi.org/10.1111/j.2041-210X.2012.00228.x
https://doi.org/10.1371/journal.pone.0033567
https://doi.org/10.1371/journal.pone.0016708
https://doi.org/10.1016/j.funeco.2015.09.007
https://doi.org/10.3354/dao056059
https://doi.org/10.3354/dao02560
https://doi.org/10.1016/j.biocon.2015.04.007
https://doi.org/10.1098/rspb.2013.1290
https://doi.org/10.1016/j.biocon.2014.12.007
https://doi.org/10.1148/rg.301095057
https://cran.r-project.org/package=survival
https://doi.org/10.1111/j.1558-5646.1989.tb04220.x
https://doi.org/10.2307/1564645
https://doi.org/10.2307/1564935
https://doi.org/10.1111/j.1469-7998.2006.00258.x
https://doi.org/10.1007/s10393-013-0895-6
https://doi.org/10.1371/journal.pone.0063791
https://doi.org/10.3201/eid0908.030030
https://doi.org/10.1016/j.biocon.2009.02.007
https://doi.org/10.1038/s41598-019-49674-0
https://doi.org/10.7208/chicago/9780226893334.001.0001
https://doi.org/10.1111/1365-2435.12370
https://doi.org/10.1098/rspb.2015.3078
https://doi.org/10.1111/brv.12236
https://doi.org/10.1098/rspa.1927.0118
https://doi.org/10.1371/journal.pone.0024991
https://doi.org/10.1007/s00265-007-0428-9
https://doi.org/10.1007/s00442-008-1002-5
https://doi.org/10.1111/j.1523-1739.2011.01801.x
https://doi.org/10.3354/dao068047
https://doi.org/10.1371/journal.pone.0196851
https://doi.org/10.1534/g3.115.021808
https://doi.org/10.1073/pnas.0506889103
https://doi.org/10.1016/j.biocon.2009.11.015
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Cowgill et al. Chytridiomycosis in Co-occurring Terrestrial Salamanders

87. Harris RN, Brucker RM,Walke JB, Becker MH, Schwantes CR, Flaherty DC,

et al. Skin microbes on frogs prevent morbidity and mortality caused by a

lethal skin fungus. ISME J. (2009) 3:818–24 doi: 10.1038/ismej.2009.27

88. Walke JB, Becker MH, Loftus SC, House LL, Cormier G, Jensen RV, et al.

Amphibian skin may select for rare environmental microbes. ISME J. (2014)

8:2207–17. doi: 10.1038/ismej.2014.77

89. Shaw, SD, Berger L, Bell S, Dodd S, James TY, et al. Baseline cutaneous

bacteria of free-living New Zealand native frogs (Leiopelma archeyi and

Leiopelma hochstetteri) and implications for their role in defense against the

amphibian chytrid (Batrachochytrium dendrobatidis). J Wildlife Dis. (2014)

50:723–32. doi: 10.7589/2013-07-186

90. Prado-Irwin SR, Bird AK, Zink AG, Vredenburg VT. Intraspecific variation

in the skin-associated microbiome of Ensatina, the terrestrial ring-species

salamander.Microb Ecol. (2017) 74:745–56. doi: 10.1007/s00248-017-0986-y

91. Bird AK, Prado-Irwin SR, Vredenburg AG, Zink VT. Skin microbiomes

of California terrestrial salamanders are influenced by habitat more than

host phylogeny. Front Microbiol. (2018) 9:442. doi: 10.3389/fmicb.2018.

00442

92. Flechas SV, Sarmiento C, Cárdenas ME, Medina EM, Restrepo S, Amézquita

A. Surviving chytridiomycosis: differential anti-Batrachochytrium

dendrobatidis activity in bacterial isolates from three lowland species

of Atelopus. PLoS ONE. (2012) 7:e44832. doi: 10.1371/journal.pone.0044832

93. Park ST, Collingwood AM, St-Hilaire S, Sheridan PP. Inhibition of

Batrachochytrium dendrobatidis caused by bacteria isolated from the

skin of boreal toads, anaxyrus (Bufo) boreas boreas, from Grand

Teton National Park, Wyoming, USA. Microbiol Insights. (2014) 7:1–8.

doi: 10.4137/M.B.I.S13639

94. Woodhams DC, Ardipradja K, Alford RA, Marantelli G, Reinert LK, Rollins-

Smith LA. Resistance to chytridiomycosis varies among amphibian species

and is correlated with skin peptide defenses. Anim Conserv. (2007) 10:409–

17. doi: 10.1111/j.1469-1795.2007.00130.x

95. Becker MH, Walke JB, Cikanek S, Savage AE, Mattheus N, Santiago CN,

et al. Composition of symbiotic bacteria predicts survival in Panamanian

golden frogs infected with a lethal fungus. Proc R Soc B Biol Sci. (2015)

282:20142881. doi: 10.1098/rspb.2014.2881

96. Rodriguez D, Becker CG, Pupin NC, Haddad CFB, Zamudio KR. Long-

term endemism of two highly divergent lineages of the amphibian-killing

fungus in the Atlantic Forest of Brazil. Mol Ecol. (2014) 23:774–87.

doi: 10.1111/mec.12615

97. DiRenzo GV, Langhammer PF, Zamudio KR, Lips KR. Fungal

infection intensity and zoospore output of Atelopus zeteki,

a potential acute chytrid supershedder. PLoS ONE. (2014)

9:e93356. doi: 10.1371/journal.pone.0093356

98. Martel A, Blooi M, Adriaensen C, Van Rooij P, Beukema W, Fisher MC, et

al. Recent introduction of a chytrid fungus endangers Western Palearctic

salamanders. Science. (2014) 346:630–1. doi: 10.1126/science.1258268

99. Cunningham AA, Beckmann K, Perkins M, Fitzpatrick L, Cromie R,

Redbond J, et al. Emerging disease in UK amphibians. Vet Rec. (2015)

176:468. doi: 10.1136/vr.h2264

100. Spitzen-van der Sluijs A, Martel A, Asselberghs J, Bales EK, Beukema

W, Bletz MC, et al. Expanding distribution of lethal amphibian fungus

Batrachochytrium salamandrivorans in Europe. Emerg Infect Dis. (2016)

22:1286. doi: 10.3201/eid2207.160109

101. Stegen G, Pasmans F, Schmidt BR, Rouffaer LO, Van Praet S, Schaub

M, et al. Drivers of salamander extirpation mediated by Batrachochytrium

salamandrivorans. Nature. (2017) 544:353. doi: 10.1038/nature22059

102. Waddle JH, Grear DA, Mosher BA, Grant E. H. C., Adams MJ, Backlin

AR, et al. Batrachochytrium salamandrivorans (Bsal) not detected in an

intensive survey of wild North American amphibians. Sci Rep. (2020)

10:13012. doi: 10.1038/s41598-020-69486-x

103. Laking A.E., Ngo HN, Pasmans F, Martel A, Nguyen TT. Batrachochytrium

salamandrivorans is the predominant chytrid fungus in Vietnamese

salamanders. Sci Rep. (2017) 7:44443. doi: 10.1038/srep44443

104. Fitzpatrick LD, Pasmans F, Martel A, Cunningham AA. Epidemiological

tracing of Batrachochytrium salamandrivorans identifies widespread

infection and associated mortalities in private amphibian collections. Sci

Rep. (2018) 8:e13845. doi: 10.1038/s41598-018-31800-z

105. Richgels KL, Russell RE, Adams MJ, White CL, Grant EHC. Spatial variation

in risk and consequence of Batrachochytrium salamandrivorans introduction

in the USA. R Soc Open Sci. (2016) 3:150616. doi: 10.1098/rsos.150616

106. Yap TA, Nguyen NT, Serr M, Shepack A, Vredenburg VT. Batrachochytrium

salamandrivorans and the risk of a second amphibian pandemic. EcoHealth.

(2017) 14:851–64. doi: 10.1007/s10393-017-1278-1

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Cowgill, Zink, Sparagon, Yap, Sulaeman, Koo and Vredenburg.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 15 November 2021 | Volume 8 | Article 742288

https://doi.org/10.1038/ismej.2009.27
https://doi.org/10.1038/ismej.2014.77
https://doi.org/10.7589/2013-07-186
https://doi.org/10.1007/s00248-017-0986-y
https://doi.org/10.3389/fmicb.2018.00442
https://doi.org/10.1371/journal.pone.0044832
https://doi.org/10.4137/M.B.I.S13639
https://doi.org/10.1111/j.1469-1795.2007.00130.x
https://doi.org/10.1098/rspb.2014.2881
https://doi.org/10.1111/mec.12615
https://doi.org/10.1371/journal.pone.0093356
https://doi.org/10.1126/science.1258268
https://doi.org/10.1136/vr.h2264
https://doi.org/10.3201/eid2207.160109
https://doi.org/10.1038/nature22059
https://doi.org/10.1038/s41598-020-69486-x
https://doi.org/10.1038/srep44443
https://doi.org/10.1038/s41598-018-31800-z
https://doi.org/10.1098/rsos.150616
https://doi.org/10.1007/s10393-017-1278-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Social Behavior, Community Composition, Pathogen Strain, and Host Symbionts Influence Fungal Disease Dynamics in Salamanders
	Introduction
	Methods and Materials
	Historical Infection Study (1920–2015)
	Contemporary Field Study and Generalized Linear Model
	Laboratory Host Susceptibility Trials
	Host Skin Bacteria Bd Inhibition Trials
	Statistical Analyses

	Results
	Historical Infection Study (1920–2015)
	Contemporary Field Study and Generalized Linear Model
	Laboratory Host Susceptibility Trials
	Host Skin Bacteria Bd Inhibition Trials

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


