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Broad host susceptibility of North American
amphibian species to Batrachochytrium
salamandrivorans suggests high invasion
potential and biodiversity risk

Matthew J. Gray 1 , Edward Davis Carter1, Jonah Piovia-Scott 2,
J. PatrickW.Cusaac1,AnnaC.Peterson1, RossD.Whetstone 3,AndreasHertz 3,
Aura Y. Muniz-Torres3, Molly C. Bletz3, Douglas C. Woodhams3,4,
John M. Romansic2, William B. Sutton5, Wesley Sheley 6, Allan Pessier7,
Catherine D. McCusker3, Mark Q. Wilber1 & Debra L. Miller 1,6

Batrachochytrium salamandrivorans (Bsal) is a fungal pathogen of amphibians
that is emerging in Europe and could be introduced to North America through
international trade or other pathways. To evaluate the risk of Bsal invasion to
amphibian biodiversity, we performed dose-response experiments on 35
North American species from 10 families, including larvae from five species.
Wediscovered thatBsal caused infection in 74%andmortality in 35%of species
tested. Both salamanders and frogs became infected and developed Bsal
chytridiomycosis. Based on our host susceptibility results, environmental
suitability conditions for Bsal, and geographic ranges of salamanders in the
United States, predicted biodiversity loss is expected to be greatest in the
Appalachian Region and along theWest Coast. Indices of infection and disease
susceptibility suggest thatNorthAmerican amphibian species span a spectrum
of vulnerability to Bsal chytridiomycosis and most amphibian communities
will include an assemblage of resistant, carrier, and amplification species.
Predicted salamander losses could exceed 80 species in the United States and
140 species in North America.

Wildlife trade is a burgeoning industry involving >180 nations and
>$300B USD annually1,2, and is a common pathway for novel patho-
gen introduction3,4. The pet amphibian trade is likely responsible for
the recent introduction of the emerging fungal pathogen, Batra-
chochytrium salamandrivorans (Bsal), from Asia into Europe5–7. The
United States (USA) leads the global market in live amphibian
imports1, and animal health certificates for wildlife imports are not

required. Bsal is a necrotizing skin pathogen that is causing popula-
tion declines of wild salamanders in at least four European
countries8–13, yet has not been detected in North America14,15, a global
hotspot for salamander biodiversity16. Species richness of sala-
manders in the USA is 5X greater than Europe16, and communities are
composed of genera known to be susceptible to Bsal5. Risk models
suggest that environmental suitability for Bsal is high in North
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America17–19; however, previousmodeling efforts ignored geographic
distributions and susceptibility of possible host species (cf. Mou-
barak et al.20). Species susceptibility experiments have been per-
formed for approximately 5% of species (18/359) found in North
America5,21–24. Those studies suggest that salamander species in the
Plethodontidae (lungless salamanders) and Salamandridae (newts)
may be particularly vulnerable to Bsal introduction. Recent results
also suggest that frogs can become infected and develop the disease,
Bsal chytridiomycosis21. Considering that Bsal can transmit rapidly
between individuals and not depend on host density25,26, the con-
sequences of its introduction on endemicNorth American amphibian
assemblages could be severe.

Here, we present an extensive continental evaluation of species
susceptibility to Bsal infection. We conducted dose-response experi-
ments for 35 North American species from 10 amphibian families.
Using estimates of infection and disease susceptibility and pathogen
loads on amphibian skin, we provide evidence that North America’s
amphibian communities are highly vulnerable to Bsal invasion, and
some species are at risk of extinction should this pathogen invade.
Given the high invasion risk of Bsal and high salamander diversity in
North America, we recommend a trilateral agreement among the USA,
Canada, and Mexico to reduce the risk of Bsal introduction and sub-
stantial biodiversity loss.

Results and discussion
Species susceptibility
We found that the host range for Bsal in North American amphibian
species is broader than in European species. Whereas Martel et al.5

found that infection was primarily restricted to Salamandridae (newt)
species, we discovered that 25 of 35 species (71%) tested became
infected with Bsal (Supplementary Table 1), belonging to five caudate
and four anuran families. Among species susceptible to infection,
average incubation period was 10.5 days (SD = 11.4; Supplementary
Table 1) and average duration to mortality for those species that
developed fatal chytridiomycosis was 21.8 days (SD = 12; Supplemen-
tary Fig. 1), illustrating that Bsal epizootics could occur quickly fol-
lowing initial transmission events10,11. Furthermore, for species that
developed high Bsal loads there was often an exponential increase in
load following exposure to zoospores (Supplementary Fig. 3). The
growth rate of Bsal on hosts also was dose-dependent, suggesting that
the impacts of outbreaks could be hastened by the buildup of Bsal
zoospores in the environment.

We also found that Bsal-induced chytridiomycosis followed a
phylogenetic signal (P =0.009,K =0.29), with themajority ofmortality
occurring in Plethodontidae and Salamandridae (Fig. 1; Supplementary
Fig. 2), which corroborates previous findings that newts and lungless
salamanders are particularly vulnerable to Bsal5,22. Of the 35 species
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Fig. 1 | Significant phylogenetic signature was detected for Batrachochytrium
salamandrivorans (Bsal)-induced mortality based on Blomberg’s K (P =0.002,
K =0.40). Circles are scaled to indicate percent mortality experienced by indivi-
duals exposed to the highest Bsal zoospore dose (5 × 106) (Supplementary Table 1).
Colors designate different taxonomic families of amphibians. For the experiments,

all species were exposed to Bsal zoospores inoculated in a water bath, except for
Siren lacertina, Cryptobranchus alleganiensis, and Necturus maculosus, because
these specieswere too large to fit in the inoculation containers.WepipettedBsalon
to the dorsum of these species (similar toMartel et al.6) at the same doses then put
the animals in a water bath (see Supplementary Table 2).
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tested, 8 (24%) were classified as having moderate to very high mor-
tality risk (Supplementary Table 1), which included all three North
American Notophthalmus species, four species in the family Pletho-
dontidae, and Osteopilus septrionalis—a frog species that is invasive in
14 countries21. Three of those species (N. meridionalis, N. perstriatus,
and Aneides aeneus) are listed as vulnerable or endangered by the
IUCN27 (Supplementary Table 1), emphasizing the risk of Bsal invasion
to the persistence of threatened species10. Five of eight (63%) frog
species became infected with Bsal and two developed Bsal chy-
tridiomycosis (Supplementary Table 1 and Supplementary Fig. 2),
adding evidence that anurans can play a role in the translocation and
epidemiology of Bsal11,28. We also found that salamander larvae (Eur-
ycea bislineata), including some undergoing metamorphosis
(Notophthalmus viridescens), could become infected with Bsal (Sup-
plementary Table 1 and Supplementary Fig. 2), which has not been
reported previously and increases the possibility that intraspecific
reservoirs could influence host-pathogen dynamics, as known for
other amphibian pathogens such as ranaviruses and Bd29,30. Two spe-
cies (Ambystoma mexicanum, Osteopilus septentrionalis) that are
commonly found in trade and not included in import bans in the USA
became infected (Supplementary Table 1)21,31, illustrating the need for
programs that facilitate healthy (clean) trade of amphibians. Our sus-
ceptibility results likely represent a first-time exposure to Bsal. None of
the 336 animals that were randomly assigned to controls (26% of total
sample size) tested positive for Bsal. Also, all animals were collected
from the wild or from captive populations in the USA, where Bsal has
not been detected. If true Bsal infection prevalence of our pre-
experiment animals was 1–5%, the probability of not detecting a
positive Bsal infection by testing 336 control animals was <3% (Sup-
plementary Note 1). Also, none of our animals tested positive for Bd,
nor was their histological evidence of Bd chytridiomycosis. Hence, our

results do not represent susceptibility associated with Bd co-infection,
which could have synergistic effects32.

Geographic risk analysis
Inasmuch as likelihood of infection andmortality by Bsal appear to be
phylogenetically conserved (Martel et al.5, Fig. 1), we mapped pre-
dicted risk of Bsal invasion and biodiversity loss for salamander com-
munities in the USA (Fig. 2). Predicted invasion risk was moderate to
high throughout most of the USA (Fig. 2e), with the northwestern USA
and portions of Colorado and New Mexico having greatest risk, likely
due to high environmental suitability for Bsal and the presence of
multiple host species in resident communities. We combined invasion
risk with estimated mortality risk and species richness to identify the
West Coast and Appalachian Mountains as regions where biodiversity
loss is expected to be most severe (Fig. 2g). Previous risk assessments
corroborate these findings, although in general, they assigned greater
risk to the southeastern USA and near ports-of-entry due to their
model assumptions17,18. Our results indicate that although salamander
species richness is greatest in the southeastern USA, amphibian com-
munities in this region consist of species with lower susceptibility or
inhabit locationswhere temperatures exceed the thermal optimum for
Bsal infection. Factoring temperature-dependent susceptibility into
likelihood of Bsal infection11,33–35 shifted risk north and to higher ele-
vations in our analyses compared to previous assessments, as sug-
gested by Carter et al.35. Moubarak et al.20 recently used machine
learning and ecological niche modeling to predict species suscept-
ibility to Bsal and invasion risk in the USA. Their models also predicted
Bsal invasion farther south than our assessment, possibly due to the
limited data on host susceptibility to Bsal available for use in their
analyses. In contrast to several previous analyses (e.g., Yap et al.17,
Richgels et al.18, Grear et al.36), we excluded ports-of-entry or pet store
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Fig. 2 | Geographic risk analyses for Batrachochytrium salamandrivorans (Bsal)
in the United States. The top row shows salamander species richness (a), envir-
onmental suitability for Bsal (b) andmean predicted infection andmortality across
host species at the county level (c, d). Invasion risk (e) was created by averaging
environmental suitability (b) andmeanpredicted infection (c). Decline risk (f) is the

average of b, c, and d; high scores indicate environmentally suitable areas where
the host community includes species that are readily infected and experience Bsal-
related mortality. Biodiversity risk (g) due to Bsal also takes species richness into
consideration (i.e., is the average of a–d), and indicates where salamander diversity
will be impacted most. Darker shades indicate greater risk.
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locations from our risk assessment because they could be misleading,
as they probably do not represent likely point-source locations for
future Bsal introductions. Unwanted pet amphibians and release by
consumers into the wild represents the greatest risk of introduction,
which could occur anywhere. For our assessment, we assumed no
spatial constraints on location of Bsal introduction, hence our pre-
dictionswere influenced only by environmental conditions, amphibian
distributions, and their susceptibility to Bsal infection and death.
Greater understanding of themovement of international anddomestic
amphibians through trade networks and likely locations for spillover is
needed to appropriately incorporate business and consumer beha-
viors into Bsal risk assessments. Our assessment represents the pos-
sible consequences of a point-source introduction ofBsal anddoes not
consider amphibian dispersal or landscape features (such as topo-
graphy or urban development) that could subsequently impact spatial

epidemiology. Research inEurope suggests thatpositiveBsal siteswith
population declines can be located near uninfected sites, especially if
barriers to amphibian dispersal exist37. Lastly, althoughour predictions
consider the environmental suitability of Bsal, they do not consider
fine-scale, microhabitat conditions nor predictions associated with
climate change. Future research should evaluate how changes in
microhabitat and climate influence Bsal-host interactions.

Possible epidemiological roles
We estimated median infectious and lethal doses (ID-50 and LD-50
values, respectively) for species with sufficient infection andmortality
data, calculated the quotient of LD-50 and ID-50 values, andmultiplied
this quotient by mean Bsal load for a novel estimate of amplification
potential (Supplementary Table 1). In the context of our study, species
with high amplification potential may contribute disproportionally to
transmission events, because they are easy to infect, less likely to die
quickly from infection (which is expected to increase the duration of
infection), and likely to be more infectious due to greater pathogen
loads on their skin. Seven species (20%) were classified as having high
amplification potential—one of which is an invasive frog species, O.
septentrionalis (Fig. 3; Supplementary Table 1). The 13 additional spe-
cies (37%) that were susceptible to infection but did not die from Bsal
chytridiomycosis are likely carriers (Fig. 3); someof those species (e.g.,
Hyla chrysoscelis) have widespread distribution and use a range of
habitats, including urban environments. Taken together, these results
illustrate there is tremendous potential for amphibian communities in
North America to be composed of carrier species that serve as reser-
voirs, amplification species that contribute disproportionately to Bsal
transmission38, and chytridiomycosis susceptible species that are at
high risk of population decline and extirpation. Future studies need to
evaluate whether species composition translates to community-level
transmission dynamics and predicted population declines, consider-
ing various factors impact interspecific transmission. Our experi-
mental data could be used to parameterize multi-species
epidemiological models as an initial step to make community-level
inferences.

Conclusions
Our results confirm high invasion potential for Bsal and extinction risk
for salamander species in North America18,19. A large number of sus-
ceptible host species and the capability of hosts to function inmultiple
epidemiological roles (e.g., carrier and amplification species) provide
the perfect combination for high community-level invasion potential,
transmission, and persistence38. Some species also exist at high den-
sities in thewild andhave excellent dispersal ability (e.g.,N. viridescens,
T. granulosa39), increasing the likelihood of Bsal transmission25 and
overland spread. Possible infection of frogs and larval, juvenile, and
adult stages of salamanders increaseopportunities forBsalpersistence
by providing multiple potential reservoirs. Our maps explicitly con-
sider the susceptibility of species present to Bsal; thus, they can be
used to respond strategically to an outbreak or proactively target
surveillance in high-risk locations. Our maps should not be used to
predict actual transmission dynamics within an amphibian commu-
nity. Considering the high invasion risk of Bsal and threat to biodi-
versity inNorthAmerica thatour study and others have reported17–20,36,
we recommend that the USA, Canada, and Mexico develop a trilateral
agreement to support pathogen-free trade of amphibians. If our esti-
mates of susceptibility to Bsal infection (76%) and chytridiomycosis
(39%; Supplementary Table 1) for salamander taxa are representative,
we expect that, among salamanders, at least 270 species are suitable
hosts and >140 species could be at risk of population declines or
extinction in North America (ca. 360 species total16) if Bsal invasion
occurs. A trilateral agreement should consider the interests of and be
in partnership with the amphibian trade industry. Recent socio-
economic research suggests that U.S. pet amphibian businesses are in

Fig. 3 | Host susceptibility and amplification potential for amphibian species
that became infected with Batrachochytrium salamandrivorans (Bsal). Host
susceptibility is graphically represented by plotting infection susceptibility (mea-
sured as infectious dose [ID]−50) against disease susceptibility (measured as lethal
dose [LD]−50), hence species with low ID-50 and LD-50 values (i.e., near graph
origin) were most susceptible and those in the upper right quadrant were least
susceptible. Arrows on the axes indicate direction of increasing infection and dis-
ease susceptibility. Colors correspond to their mortality risk (also referred to as
Conservation Risk, Supplementary Table 1), whichwas calculated as the product of
ID-50 and LD-50 values, with categories designated using 25th percentile quartiles.
Amplification potential was estimated as the ratio of LD-50 and ID-50 values mul-
tiplied by transmission potential (i.e., average Batrachochytrium salamandrivorans
[Bsal] load on skin swabs) for each species (Supplementary Table 1). Larger circles
indicate greater amplification potential. The species above the dotted line were
considered to be potential carriers, because they became infected with Bsal but no
disease-induced mortality occurred (i.e., LD-50 was not estimable). Carrier species
above the dotted and toward the left side of the graph likely have greater potential
to transmit Bsal because they become infected at lower zoospore doses. Resistant
species are not plotted (Supplementary Table 1). AMME Ambystoma mexicanum,
AMOP Ambystoma opacum, ANAE Aneides aeneus, DEOC Desmognathus ocoee,
ENKL Ensatina eschscholtzii klauberi, ENXA Ensatina eschscholtzii xanthoptica, EUBI
Eurycea bislineata, EULU Eurycea lucifuga, EUWI Eurycea wilderae, HYCH Hyla
chrysoscelis, NOME Notophthalmus meridionalis, NOPE Notophthalmus perstriatus
NOVI Notophthalmus viridescens, OSSE=Osteopilus septentrionalis, PLME Plethodon
metcalfi, PLSH Plethodon shermani, PSST Pseudobranchus striatus, PSRU Pseudo-
triton ruber, RACH Rana chiricahuensis, SCHO Scaphiopus holbrookii, SILA Siren
lacertina, TAGR Taricha granulosa, and TATO Taricha torosa. For the experiments,
all species were exposed to Bsal zoospores inoculated in a water bath, except for
SILA because this species was too large to fit in the inoculation containers. We
pipetted Bsal on to the dorsum of SILA (similar to Martel et al.6) at the same doses
then put the animal in a water bath (see Supplementary Table 2).
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support of a healthy trade program, where sold amphibians are ver-
ified to be negative for Bsal, Bd, and ranavirus40. A certification pro-
gram that facilitates animal testing and implementation of prudent
biosecurity practices in businesses is needed. The programalso should
provide resources for training business personnel and compensating
businesses for costs associated with pathogen containment following
detection and treatment or humane euthanasia of infected individuals.
Healthy trade programs exist for agricultural and domesticated
animals41, but are uncommon for wildlife.

Methods
Experiments
Amphibians used in our experiments were either collected from the
wild or provided from captive colonies (Supplementary Table 2).
Selection of species was based on availability and maximizing phylo-
genetic coverage, especially for salamanders. When possible, we tes-
ted larvae because their role in Bsal epidemiology is largely
unknown11,42. For this study, we defined larvae as the pre-
metamorphosis stage, juveniles as post-metamorphosis but <1 year,
and adults as >1 year post-metamorphosis. The exception was N. vir-
idescens juveniles (efts), which can be identified phenotypically
(aposematic coloration) and remain in this stage for up to eight years43.
Sex could not bedistinguished formost species, hencewasnot used as
a factor in the experimental design. Data on susceptibility to Bsal for
four species of the 35 species (Pseudotriton ruber, Eurycea wilderae,
Eurycea lucifuga, and O. septentrionalis) were reported previously21,22.

Animals were shipped overnight to the University of Tennessee
(29 species), University of Massachusetts-Boston (5 species), or
Washington State University-Vancouver (1 species) in individual sterile
plastic containers withmoistened paper towels (if a terrestrial species)
or in water (if an aquatic species). Although experiments were con-
ducted at three institutions and not simultaneously (Supplementary
Table 2), laboratory procedures and diagnostic assays followed the
same methods. Upon arrival, animals were tested for Bd infections
using qPCR; all individuals used in the experiments were negative for
Bd prior to experimental exposure. Also, no histological evidence of
co-infection with Bd existed; thus, our results represent species
responses to Bsal exposure only. It also is highly unlikely that our
species were exposed to Bsal prior to our experiments, because Bsal
has not been detected in North America and none of the animals
randomly assigned to controls (n = 336, 26% of total sample size) ever
tested positive for Bsal.

In the laboratory, terrestrial amphibians were held in 710-mL
plastic containers with a moist paper towel and plastic, opaque cover
object to reduce stress. Fully aquatic amphibians or larvaewere held in
either 20-L glass aquaria (large aquatic [e.g., Siren] or stream-dwelling
[Cryptobranchus] species) or in 1–3-L tubs containing 500mL of
dechlorinated water and a plastic cover object, depending on body
size (Supplementary Table 2). Animals were fed a diet of either brine
shrimp, alfalfa pellets, bloodworms, beanbeetles, fruit flies or crickets
every three days depending on their age class, body size and whether
they were aquatic or terrestrial. Animals were acclimated in the
laboratory ca. 2 weeks before experiments began. Containers were
maintained between 20–22 °C until one week prior to Bsal exposure,
after which they were placed in Conviron® environmental chambers
(Winnipeg, Canada) or temperature-controlled rooms. The tempera-
ture was decreased by 3 °C per day until reaching the target tem-
perature of 15 °C, which has been the standard for Bsal experiments
testing host susceptibility5,22 and corresponds with optimum Bsal
growth in vitro8. The ambient light:dark cycle prior to and during
experiments was 12:12 h, respectively.

The methodology and design for experimental exposures fol-
lowed Carter et al.22, and are summarized in the Supplementary
Table 2. The Bsal isolate (AMFP13/1) was provided by Ghent University
from the index case for Bsal outbreaks in the Netherlands (Martel

et al.8). Number of isolate passageswasbetween 10– 20among species
and laboratories, hence considered low passage44. Amphibians were
exposed to 1–4 Bsal doses (5 × 103–6 Bsal zoospores in 10mL of water)
in a 100-mL conical container that could accommodate the body size
of the amphibian for 24 h then returned to their housing container.
The 10-mL water bath was sufficient liquid to partially cover feet and
venter of post-metamorphic amphibians and submerge larvae. For
three large aquatic species that could not fit in inoculum containers
(Siren lacertina, Cryptobranchus alleganiensis, Necturus maculosus),
Bsal was pipetted on to the dorsum similar to Martel et al.5, and they
were placed in 1-L containers with 500mL of water for 24 hrs. Kumar
et al.44 reported that observed mortality from water-bath exposure to
Bsal can differ from direct pipette exposure, hence we caution direct
interpretation of susceptibility between species with different expo-
sure methods. For all species, we included control animals that were
treated identically to exposed animals (Supplementary Table 2). Inas-
much as captivity can induce stress in amphibians45, our estimates of
susceptibility are most appropriate for relative comparisons.

Non-larval animals were placed in new housing containers with
fresh materials every three days. Larval experiments were conducted
on an aquatics rack system (Aquaneering Inc., San Diego, CA) that
performed automated water changes every 12–24 h. After exposure,
animals weremonitored twice daily. If an individual lost righting reflex
or mobility (a gross sign of Bsal chytridiomycosis46), it was humanely
euthanized using benzocaine hydrochloride or tricaine methane-
sulfonate, and recorded as amortality event for analyses. Animals were
swabbed every 6–7 days beginning four days post-exposure to test for
Bsal infection and estimate pathogen load. The ventrum and each foot
was swabbed 10X each, as typical for Bd and Bsal sampling (Blooi
et al.47). Experiments lasted 45–60 days, which is adequate time for
Bsal chytridiomycosis to develop5. All species were tested at the Uni-
versity of Tennessee except for Taricha torosa (Washington State
University), Ambystoma maculatum (University of Massachusetts-
Boston), and the larval species listed in Supplementary Table 2 (Uni-
versity of Massachusetts-Boston). Methods were the same among
institutions and the same Bsal isolate was used in all experiments.

Genomic DNA was extracted from swabs using a Qiagen DNeasy
blood and tissue kit (Hilden, Germany), and quantitative-PCR (qPCR)
assays were used to detect Bsal and Bd DNA and estimate load (as
described inCarter et al.22).We considered an individual infected if two
consecutive swabs or three or more swabs during the entire experi-
ment were qPCR-positive for Bsal DNA. Incubation period was esti-
mated by averaging the number of days it took each individual to test
positive for Bsal DNA using qPCR for each species. Gross lesions were
noted during necropsy and reported; however, we used histopathol-
ogy to verify Bsal chytridiomycosis as per the case definition for all
species that were qPCR-positive and experienced mortality (Thomas
et al.46; Supplementary Fig. 2). For histopathology, at least five
formalin-fixed individuals per species were cross-sectioned. The cross-
sections were placed into tissue cassettes, routinely processed,
embedded in paraffin blocks, sectioned at 3–5 µm. Sections were
placed onto glass slides, stained with hematoxylin and eosin, cover-
slipped and examined by light microscopy for evidence of skin infec-
tion by Bsal. The veterinary pathologists (DLM, AP) that processed the
samples were not blinded to sample identity, as the goal was to find
definitive evidence of Bsal chytridiomycosis. All experiments followed
Biosafety Level 2 containment strategies.

Ethics statement
All procedures followed husbandry and euthanasia recommendations
provided by the American Veterinary Medical Association and the
Association of Zoos and Aquariums. All animal procedures were
approved under Institutional Animal Care andUseCommittee (IACUC)
protocols 2395, 2014003, and 4749 at the University of Tennessee,
University of Massachusetts-Boston and Washington State University-
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Vancouver, respectively. IACUC approval for the Atelopus zeteki
experiment was obtained from the Maryland Zoo.

Bsal growth
We compared Bsal growth rates among zoospore exposure doses
using a zero-inflated negative binomial (ZINB) mixed model. For these
analyses, we only included the 12 species for which at least one of the
zoospore doses reached a mean infection intensity > 103 copies uL−1

(meanswere calculated using log10 transformed data) in at least one of
the weeks of the experiment, which was necessary to parametrize the
model. If a given species met this data requirement in one dose, we
included all doses for that species. In order to characterize initial
growth rates, we used data from the exponential portion of the
pathogen growth curve (i.e., the period after exposure when log[Bsal
load] was linear). We defined this portion of the pathogen growth
curve as the period from the beginning of each experiment until the
first week in which the mean pathogen load was 90% or more of the
maximum weekly mean pathogen load for that dose during the
experiment. If the maximum weekly mean pathogen load never
exceeded 100 copies uL−1 for a particular dose, we used all weeks of
data. This decision rule ensured that the model (which assumes
exponential growth) targeted pathogen growth when this assumption
was most reasonable.

The fixed effects for both the negative binomial and the zero-
inflated components of the model were day after exposure (as a con-
tinuous predictor), dose, and their interaction. The random effects
were species and individual animal (which was nested within species).
For species, the random effects included both a random intercept and
a random slope. All random effects were included in both the negative
binomial and the zero-inflation components of the model. The
response variable (Bsal copies µL−1) was converted to integer values
prior to analysis in accordance with the use of a negative binomial
error distribution. Models were fit using the glmmTMB package48 in R;
conformity withmodel assumptions was evaluated using the DHARMa
package49. We evaluated the significance of the day of exposure*dose
interaction using a likelihood ratio test in which the full model was
compared to a model where the interaction term was removed from
both the zero-inflated and negative binomial parts of the model.
Parameters from the fitted model are presented in Supplementary
Table 3. Post-hoc tests evaluating the differences in slopes between
doses were conducted separately for the zero-inflated and negative
binomial portions of the model using t-tests with Tukey adjustments
for multiple comparisons (Supplementary Table 4); these post-hoc
tests were performed using functions in the emmeans package50.

Analyses of susceptibility and amplification potential
For species or age classes that became infected or died, we estimated
median infectious and lethal doses (ID-50 and LD-50 values, respec-
tively) using log-probit analyses in theMASSpackage in R51,52. For these
analyses, the response variable was percent infection or mortality per
dose and the categorical explanatory variable was zoospore dose.
Given ID-50 is an estimate of infection likelihood53, we considered ID-
50 as a measure of infection susceptibility. Similarly, we considered
LD-50 as ameasure of disease susceptibility. Because the ID-50 and LD-
50 represent two risk factors of host survival, we calculated their
product as ameasure of overall host susceptibility andmortality risk54.
We calculated quartiles for this quantity and ranked host species as:
0–25% = very high, 26–50% = high, 51–75% =moderate, and 76–100% =
low (Fig. 3; Supplementary Table 1). Hence, species with low ID- and
LD-50productswere deemed tobemost susceptible andhave greatest
mortality risk, while those with high ID- and LD-50 products were
classified as lower mortality risk. We also deemed all species that
became infected with Bsal, but did not die, as lowmortality risk (Fig. 3;
Supplementary Table 1). The species that did not become infected
were classified as resistant (Supplementary Table 1).

We took a unique approach to estimating host amplification
potential (Paull et al.38) by taking the quotient of the LD-50 and ID-50,
andmultiplying by the average loadofBsaldetectedon the skinduring
the experiments. Species with high quotients became infected at low
exposure doses, but onlydeveloped fatalBsal chytridiomycosis at high
exposure doses, hence increasing their potential to remain infected in
the environment for longer duration. We assumed that greater Bsal
loads on amphibian skin could lead to greater transmission events
either through direct contact or greater zoospore shedding rates (as
seen with Bd55,56). Hence, our estimate of amplification potential con-
sidered host susceptibility (i.e., ID-50 and LD-50 estimates) and host
competence (i.e., pathogen load) as suggested by Paull et al.38. Our
estimates of amplificationpotential did not consider host contact rates
explicitly (Paull et al.38), because those data do not exist for our spe-
cies. Although all species that become infected with Bsal have the
potential to be carriers, we considered species that became infected
(i.e., estimable ID-50) and did not develop chytridiomycosis (i.e.,
inestimable LD-50) as having potential to transmit Bsal (Fig. 3).

To determine whether Bsal susceptibility followed a phylogenetic
signal, we constructed a phylogenetic tree for the adult amphibians
tested using TimeTree57, and estimated Blomberg’s K58 using the
“Kcalc” function from the “picante”59 package in R (version 4.0.2)52. We
conducted separate analyses for percent infection andmortality in the
highest exposure dose (5 × 106). We did not evaluate if amplification
potential followed a phylogenic signal because of the limited number
of species where both the LD-50 and ID-50 concentrations were
estimable (Supplementary Table 1). We used separate phylogenetic
reconstructions to estimate percent infection and mortality for 144
untested salamander species that hadknowngeographic rangeswithin
the contiguous USA27. Thus, predicted species infection and mortality
due to Bsal was weighted based on phylogenetic relatedness. Specifi-
cally, we used the “phyEstimate” function from the “picante”59 package
for the 24 salamander species with data from the adult experiments to
create the ancestral trait reconstruction by assuming a phylogenetic
signal for Bsal infection and mortality, which our data suggested (see
Fig. 1, for example)59. Of the 175 salamander species found in the USA,
seven species did not have phylogenetic information listed and were
removed from the analysis. These species included Ambystoma
annulatum, A. bishopi, A. mavortium, Eurycea robusta, Gyrinophilus
subterraneus, Plethodon ainsworthi, and Taricha sierra. Although the
geographic range of A. mexicanum does not extend into the USA, we
included this species in the phylogenetic analysis because it is widely
distributed across the USA as a popular pet and laboratory animal, and
some invasive populations exist. Because experimental animals were
obtained from single source populations, inferences were drawn on
higher taxonomic levels rather than at the species level.

Geographic risk analyses
We combined species-level estimates of infection and mortality from
the phylogenetic analyses with information on species distributions
and environmental suitability for Bsal to generate geographic projec-
tions ofBsal risk. To estimate the geographic range of each salamander
species, we extracted species polygons for the 168 salamander species
with known phylogenetic relationships from the IUCN species dis-
tribution database (iucnredlist.org)27. We used the geographic dis-
tribution polygons to generate county-level occurrences for each
species using the clip function found in the ArcMap (v.10.7) analysis
toolbox. We used the resulting data to create county-level averages of
percent infection and mortality across species, and to calculate sala-
mander richness. We used methods similar to those described by
Richgels et al.18 to create three Bsal risk scores: invasion, mortality and
biodiversity risk. Each county-level value (i.e., average predicted
infection among species, average predicted mortality among species,
and salamander richness) was linearly transformed to a score that
ranged from 1 to 4, with 4 indicating greatest risk.
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We also created an environmental suitability score for each
county based on the average annual andwarmestmonth temperatures
(similar to Richgels et al.18), using temperature data obtained from
PRISM climate normals60. Our temperature thresholds were deter-
mined by the temperature-dependent infection and survival of
Notophthalmus viridescens described in Carter et al.35, who found that
all 5 × 106 exposed N. viridescens became infected and experienced
100% mortality at 6 and 14 °C, whereas individuals at 22 °C did not
become infected. Therefore, we scaled annual ambient and warmest
month temperatures = 4 (i.e., greatest environmental suitability) if
estimates for that county were between 6 and 14 °C. Temperatures
exceeding 14 °C were scaled uniformly from four to one as they
approached 22 °C, with all temperatures exceeding 22 °C receiving a
score of one. Similarly, we scaled environmental suitability from four
to one for temperatures lower than 6 °C. If the assigned ranks for
annual ambient and warmest month temperatures were different in a
county (e.g., 3 = annual, 4 = warmest), we averaged them for the final
assigned environmental suitability score (i.e., 3.5 in this example). We
subsequently produced a Bsal environmental suitabilitymap using the
environmental suitability score generated for each county.

Using the infection, mortality, and biodiversity risk scores gen-
erated for each county (i.e., mean percent infection, mean percent
mortality, species richness) and environmental suitability, we created
several aggregate maps that estimated different aspects of Bsal risk.
We created a Bsal invasion risk map, which was the average of the
infection and environmental suitability scores (defined above) gener-
ated for each county. We averaged the mortality, infection, and
environmental suitability scores to produce the decline risk score.
Incorporation of the mortality score into this calculation provided a
measure of amphibian population declines that may result, if areas
with high environmental suitability and highly susceptible hosts are
invaded by Bsal. Lastly, we created a biodiversity risk score for each
county. The biodiversity risk score was estimated by averaging all risk
scores used to determine decline risk, in addition to the salamander
richness score for each county. High biodiversity risk scores indicate
areas where the environment is suitable for Bsal, and the greatest
decrease in salamander diversity is expected because the host com-
munity is composed of species that can be readily infected and
develop Bsal chytridiomycosis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Summarized data generated in this study are provided in themain text
or the supplementary materials. Raw data used for analyses are pro-
vided in the public repository, TRACE (https://doi.org/10.7290/
pJ8IWH7DuE).

Code availability
The code for statistical analyses used in this study is available in TRACE
(https://doi.org/10.7290/pJ8IWH7DuE).
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