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Chytridiomycosis, the disease caused by the chytrid fungus, Batra-

chochytrium dendrobatidis (Bd), has contributed to amphibian pop-

ulation declines and extinctions worldwide. The impact of this

pathogen, however, varies markedly among amphibian species

and populations. Following invasion into some areas of California’s

Sierra Nevada, Bd leads to rapid declines and local extinctions of

frog populations (Rana muscosa, R. sierrae). In other areas, infected

populations of the same frog species have declined but persisted at

low host densities for many years. We present results of a 5-year

study showing that infected adult frogs in persistent populations

have low fungal loads, are surviving between years, and frequently

lose and regain the infection. Here we put forward the hypothesis

that fungal load dynamics can explain the different population-level

outcomes of Bd observed in different areas of the SierraNevada and

possibly throughout the world. We develop a model that incorpo-

rates the biological details of the Bd-host interaction. Importantly,

model results suggest that host persistence versus extinction does

not require differences in host susceptibility, pathogen virulence, or

environmental conditions, and may be just epidemic and endemic

population dynamics of the same host–pathogen system. The differ-

ent disease outcomes seen in natural populations may result solely

from density-dependent host–pathogen dynamics. The model also

shows that persistence of Bd is enhanced by the long-lived tadpole

stage that characterize these two frog species, and by nonhost

Bd reservoirs.

amphibian decline | Batrachochytrium dendrobatidis | chytridiomycosis |
emerging infectious disease | host–pathogen dynamics

Chytridiomycosis, caused by the fungal pathogen Batracho-
chytrium dendrobatidis (Bd), has been called the “worst in-

fectious disease ever recorded among vertebrates in terms of the
number of species impacted, and its propensity to drive them to
extinction” (1). Since it was first identified in the late 1990s (2, 3),
Bd has been found in almost every region in which researchers
have searched. It is now nearly global in its distribution, and it
has been implicated in dramatic declines in amphibian pop-
ulations worldwide (4, 5). One of the most striking features of
this pathogen, however, is the variability in outcome of infection
that has been observed among species, and among populations
within a species. Chytridiomycosis leads to the rapid death of
individuals of some species (2, 6, 7), whereas individuals of other
species develop only minor infections and suffer little or no
negative effects (8, 9). A number of factors, including tempera-
ture (10), innate defenses (11, 12), habitat (13, 14), and host life
history traits (15), have been demonstrated to contribute to the
variable outcomes of Bd infection.
Bd is currently having a devastating impact on populations of

frogs in the mountain yellow-legged frog species complex (Rana
muscosa and R. sierrae) in parts of the Sierra Nevada Mountains
of California (6, 16). In Sequoia and Kings Canyon National
Parks, we have documented the first appearance of Bd in many
watersheds, resulting in the rapid decline of the frog populations
(6, 16). The majority of these population crashes have caused the
extirpation of all frog populations in the affected areas. How-
ever, a few populations, although reduced greatly in numbers

after Bd arrival, were not extirpated (even those located adjacent
to areas in which all frog populations have been extirpated).
These mountain yellow-legged frog populations continue to be
infected with Bd, but appear to be persisting with the fungus
(17). In Yosemite National Park, the initial arrival of Bd was not
observed; Bd has been present for at least a decade (18, 19). The
remaining frog populations are all infected with Bd, but many
appear to be persisting in the long term. Such vastly different
dynamical outcomes of a pathogen (rapid extirpation vs. long-
term persistence) suggest differences in the host–pathogen in-
teraction at the different sites, for example, differences in frog
susceptibility or fungal virulence. Here we propose that these
types of differences might not be necessary to explain the ob-
served varying outcomes of infection.
Mountain yellow-legged frogs occur only in high-elevation

lakes and streams (above 1,500 m) in California. All stages of the
frogs are aquatic, and in the Sierra Nevada, frogs spend 8–9
months of the year overwintering under ice. The tadpole stage is
unusually long-lived, lasting 1–4 years. Although once abundant,
these frogs have disappeared from most of their historic range
during the past several decades (20). The spread of Bd is a major
factor driving this decline (6, 16), with R. muscosa known to be
infected with Bd since at least the 1970s (19).
Bd infects keratinized tissues of amphibians, specifically the

skin of postmetamorphic stages and mouth parts of larval stages
(3, 21). Bd is transmitted via an aquatic flagellated zoospore (21,
22). Zoospores are thought to infect cells within the stratum
granulosum either directly or via a germ tube and then develop
into sporangia (3, 21). After a temperature-dependent number
of days, the sporangium releases zoospores through a discharge
papilla (21, 23). Berger (21) showed through electron micros-
copy that discharge papillae usually point to the skin surface,
suggesting that most zoospores are released to the outer surface
of the skin, although some zoospores might stay within skin
layers and potentially cause self-reinfection. Whereas other
chytrid fungi have a sexual stage resulting in a thick-walled re-
sistant sporangium, such a stage has not yet been identified in Bd
(but see ref. 24). Bd usually has little detectable negative effect
on infected tadpoles (25, 26), but Bd can lead to the death of
postmetamorphic animals of many species within weeks of in-
fection (2, 6, 27).
Here we investigate how infected R. sierrae populations are

able to persist with Bd. We present a 5-year field study that
reveals that adults in persistent populations are infected with
only low-level infections (low Bd load), and individuals fre-
quently lose and regain the infection. This is in stark contrast to
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the dynamics observed during frog die-offs, during which indi-
viduals rapidly build up high-level infections, followed by death
due to chytridiomycosis (16). These observations motivated the
development of a model that incorporates the Bd load dynamics
on individual frogs. Previous models of Bd–frog interactions (17,
28) have followed the standard assumption of most micro-
parasite models that host individuals can be categorized simply
as susceptible, infected, or recovered, ignoring the dynamics of
the pathogen within a host individual. For Bd, infection intensity
strongly determines the infectivity of individuals and outcome of
infection (27, 29). In most microparasite models, once an in-
dividual is infected, reexposure of the infected host to the
pathogen does not affect disease progression. But Bd appears to
lack an efficient mechanism to transmit between cells within an
infected host (21, 30); increasing intensity of infection depends
mainly on reinfection from zoospores released within the skin
and onto the skin surface or infection from aquatic zoospores.
Thus, the Bd–frog interaction includes aspects typical of both
macroparasites and microparasites. Our model includes details
of the dynamics of zoospore density in the environment and
fungal load dynamics within individuals. This model can easily
incorporate the effects of temperature (23, 31) or other envi-
ronmental conditions (such as water flow rate) on Bd growth. We
use the model to investigate the conditions that allow for pop-
ulation persistence versus extirpation after the invasion of Bd.

Results

Mark-Recapture Study: Survival and Persistence with Bd. In a 5-year
study, a total of 392 adult R. sierrae were tagged at three persistent
Bd-infected sites. Each site had consistently small R. sierrae pop-
ulation counts; the average number of adult frogs observed per visit
was only 8 (± 1 SE) at site 1, 23 (± 4) at site 2, and 31 (± 5) at site 3.
But reproduction occurred each year, and tadpoles were present
every year. On average, 60% of the adult frogs at site 1, 76% of

those at site 2, and 74% of those at site 3 were infected on each
sample date (Fig. 1 A–C). No consistent seasonal trend in the
prevalence of adult infection was observed; the prevalence in-
creased significantly from the start to the end of the summer season
only at site 3 [logistic regression: logit(prevalence at site 3)=0.18+
0.01 · days since June 1 of the year; P < 0.01].
Infected adult frogs frequently lost and gained Bd infection

through time (Fig. 1E). Of the 215 frogs that were captured more
than once, 95.0% were infected during at least one of the capture
events, but 38.6% transitioned from being infected to being un-
infected at least once during the study, and 41.9% made the
transition from uninfected to infected. Infected adults had low
infection intensities as measured by the number of zoospore
equivalents detected by real-time PCR on a standardized skin
swab, termed “Bd load” (Fig. 1 A–E). The mean Bd load on
infected adults across the three sites was 220 (± 81) zoospore
equivalents per standardized swab, with a median value of only
20.5 zoospore equivalents (including all individuals with a snout-
to-vent length ≥ 40 mm). These levels are much lower than the
Bd loads reported in a recent study of R. muscosa/R. sierrae
populations elsewhere in the Sierra Nevada during massive die-
offs (16). In that study, after the first appearance of Bd, zoospore
load increased approximately exponentially until the average
zoospore load reached 104 to 105 per standardized swab, at which
point the frog populations collapsed, in many cases to extirpation.
In the current study, only two adult frogs at any of the persistent
sites were ever observed to have a Bd load exceeding 104 per
standardized swab. In contrast, the tadpoles and recently meta-
morphed individuals had significantly higher Bd loads compared
with adults [Fig. 1D; ANOVA on log-transformed Bd loads
on individuals with a Bd load >0, P < 0.01; tadpoles: mean, 4,013 ±
289, median, 1,744 zoospores per standardized swab; meta-
morphs (individuals with Gosner stage 45 or 46 with a snout-to-

Fig. 1. Bd load data from R. sierrae at sites with enzootic infections. (A–C) Infection prevalence and distribution of Bd loads in adult R. sierrae at three sites over

5 years. The number of individuals swabbed is shown at the top of each bar. The distribution of Bd load, as measured by the numbers of zoospores per swab

(Zswab) as estimated by real-time PCR is shown in the colored bars. (D) Comparison of the fungal load in young tadpoles (Gosner stage≤ 37), old tadpoles (Gosner

stage 38–41), metamorphs, and adults at the three sites for all dates combined. Bd loads on subadults (postmetamorphic individuals with a snout-to-vent length

of 35–40mm) was not significantly different from those on adult frogs, and subadults and adults are combined in the figure. (E) Examples of changes in Bd load

through time for individually marked adult R. sierrae. Shown are Bd loads for six of the individuals at site 3 that were captured in multiple years.
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vent length <35 mm): mean, 4,913 ± 820; median, 631 zoospores
per standardized swab).
The most important result from the multistate mark-recapture

analysis (32) was that Bd infection status had no detectable effect
on adult frog survival at these persistent sites (likelihood ratio
test comparing a model in which the survival probability depends
on infection status and site with one in which the survival
probability depends only on site; χ2 = 1.5, df = 3, P > 0.6). The
survival rates were significantly different between the sites,
however (likelihood ratio test comparing models in which sur-
vival probability varied between sites with model with a constant
survival rate; χ2 = 15.9, df = 2, P < 0.001), with best estimates of
annual adult survival probabilities of 48.2% at site 1, 79.4% at
site 2, and 86.5% at site 3. The “best model” from the mark-
recapture analysis was one in which the adult frog survival
probability depended only on site and not on infection status or
time, the state transition probabilities depended on infection
status (with the monthly transition rate from uninfected to in-
fected higher at each site than the monthly transition rate from
infected to uninfected) and site, and the capture probabilities
depended on site and time (due to variability in survey conditions
and capture effort). The model comparisons, best estimates, and
95% confidence intervals (CIs) for all model parameters are
provided in SI Methods.

Bd Load Model. The Bd load model follows the number of zoo-
spores in a zoospore pool (i.e., a lake or pond containing
a population of frogs), and the number of sporangia on each frog
(Fig. 2A). The model describing the zoospore dynamics in a sin-
gle frog in a zoospore pool is a set of linear ordinary differential
equations, and thus the only two potential outcomes are expo-
nential growth (resulting in death of the frog when the number of
sporangia reaches the maximum level that a frog can tolerate,
Smax) or exponential decline (loss of infection) at rate λ (the
dominant eigenvalue of the linear system). Exponential growth
of sporangia on a single frog (λ > 0) occurs if the zoospore re-
lease and reinfection rates are greater than the loss rates of
sporangia from the frog skin. Local environmental conditions,
including temperature, humidity, and/or water flow rate are
likely to affect the reinfection and loss rates, such that individuals
of a given species of amphibian may die due to the infection in
some environmental conditions, but lose the infection in other
conditions (Fig. 2B).
The growth rate of Bd (λ) is an increasing function of frog

density (Fig. 2C). For encounter and reinfection rates for which Bd
on a single frog has a negative growth rate, there is a threshold frog
population size, NT, above which the Bd growth rate shifts from

negative to positive. Increasing the number of frogs further above
NT also decreases the time needed for the density of sporangia on
each frog to reach Smax (i.e., the time to death due to chy-
tridiomycosis decreases). Thus, the inclusion of Bd load dynamics
in thismodel can explain the rapidmortality due toBd in some frog
populations (especially when Bd first invades large, uninfected
populations), but survival and potential recovery of frogs in others.
The death of frogs when their Bd load exceeds Smax creates
a negative feedback, such that it is possible for disease-induced
mortality to reduce the frog population size to belowNT; however,
persistence of the pathogen would then require a delicate balance
between mortality due to chytridiomycosis and replenishment of
the host population through reproduction. Investigating this
requires additional assumptions about frog reproduction and
mortality; a number of variants were evaluated.
Unstructured host model. In the simplest version, there is no stage
structure in the host population, and frog reproduction occurs in
a discrete pulse each year. With an unstructured host population,
persistence of an infected frog population for even a decade is
possible for only a narrow range of parameters (Fig. 3A) with
relatively low self-reinfection rates and intermediate zoospore
encounter rates. With very low encounter rates, Bd goes extinct,
and for higher encounter rates, Bd rapidly drives the frogs to-
ward extinction. For parameters in the persistent region, within
a year the fungal load on a fraction of the individuals grows
exponentially (e.g., black line in Fig. 3B) until Smax is reached, at
which point those frogs die, whereas the fungal loads on another
fraction of the individuals (e.g., red, blue, and green lines in
Fig. 3B) fluctuate at low levels, and in many cases individuals
temporarily become uninfected and are subsequently reinfected.
Model with an external source of zoospores. Long-term persistence is
a more likely outcome if there is some mechanism present to
keep the pathogen from going extinct during the troughs of
zoospore density. An external source of zoospores, from either
an environmental reservoir for Bd (an environmental reservoir
for Bd has not yet been found, although this remains a possibil-
ity) or a more resistant alternative amphibian host that con-
tributes a constant input of zoospores into the zoospore pool,
can result in persistence of an infected frog population over
a wide range of parameter values (Fig. 3C). For low values of the
zoospore encounter rate, individual frogs can repeatedly gain
and lose the infection without ever reaching the high fungal loads
at which Bd causes mortality (Fig. 3D). This pattern is consistent
with what we observe in persistent mountain yellow-legged
frog populations.
Model with a long-lived tadpole stage. A long-lived tadpole stage
that can become infected but not succumb to infection also can

Fig. 2. The Bd load model, and results from the deterministic

version within a year. (A) Diagram of the within-host/zoospore

pool model. (B) Growth rate of Bd on individual frogs (λ), as

a function of f, the fraction of zoospores that reencounter the

host from which they were released, and ν, the fraction of

zoospores that successfully infect the frog skin on encounter-

ing a host. Other parameters are V = 1 unit volume, γ = 0.01

unit volume · day−1, μ = 1 day−1, η = 17.5 zoospores · day−1, and

σ = 0.2 day−1. (C) Growth rate, λ, of Bd in the zoospore pool

and time to reach Smax = 10,000 sporangia as a function of frog

density. Parameters are as in B, with ν = 0.05 and f = 0.05. With

few frogs present, the growth of Bd on each frog is negative,

and all frogs will clear the infection. Above a density of ∼20

frogs, the Bd growth rate is positive on each frog. Also shown is

the number of days that it takes for the density of sporangia

on each frog to reach Smax.
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promote pathogen persistence (Fig. 3E). In this model variant,
we assume that both tadpoles and adults become infected by, and
contribute to, the zoospore pool, but that tadpoles do not die
when their Bd load reaches the maximum number of zoospores
per tadpole. As such, tadpoles can act as a within-host reservoir
for the pathogen, producing zoospores that can infect susceptible
adults. Model results show that the pathogen can persist on
a stage-structured host population across a wide range of
parameters, especially when transmission rates are relatively low
(Fig. 3E). In the persistent region of parameter space with low
self-reinfection rates, the tadpoles continually transmit zoo-
spores to the adult population, maintaining low to intermediate
zoospore loads on adults (e.g., the red line in Fig. 3F), with no
adult mortality due to Bd. Newly recruited adults rapidly become
infected with low zoospore loads (e.g., the blue line in Fig. 3F).

Model with full R. Muscosa/R. Sierrae stage structure. In a variant of the
model with the full frog stage structure (17), the potential for
persistence is again enhanced by the multiyear tadpole stage.
Figure 4 shows three examples of the types of model dynamics
observed in field populations of R. muscosa/R. sierra, where the
only difference leading to the different trajectories is a change in
the transmission parameter, γ. In Fig. 4A, subadults survive to
recruit to the reproductive adult stage only occasionally, whereas
Bd loads on adults never reach the lethal level. In the model, this
occurs when zoospores encounter and successfully infect subadults
at a higher rate, but subadults die of chytridiomycosis at a lower
fungal load (i.e., lower Smax) than adults. In Fig. 4B, frogs and Bd
remain extant for many years after arrival of Bd at a site, but
subadults never recruit to the adult stage, and the apparently
persistent population is actually on a slow decline to extinction.
Figure 4C shows an example of the type of dynamics observed in
manyR.muscosa/R. sierrae populations that rapidly go extinct after
the arrival of Bd. Adults and subadults reach high Bd loads and die
shortly after Bd arrival. All individuals in each tadpole class die due
to chytridiomycosis as soon as they reach metamorphosis, and the
population is completely extinct within 2–3 years. This occurs when
the adults encounter zoospores at a high rate.

Discussion

Our model offers insight into the epidemic and endemic dy-
namics of Bd, a widespread and sometimes devastating patho-
gen. At many sites, the first arrival of Bd into an uninfected frog
population coincides with an outbreak of chytridiomycosis, dur-
ing which the Bd loads in susceptible individuals increase rapidly
(16). The model predicts that this buildup of infection intensity
will occur more rapidly in dense frog populations and under

Fig. 3. Probability of persistence, and sample within-season trajectories for

three different variants of the stochasticmodel. (A, C, and E) Probability of frogs

and Bd persisting for at least 10 years as a function of reinfection rate, f, and

zoospore encounter rate, γ. Shown are the fractions of 100 runs for each com-

binationofparameters thatpersist for at least 10years (red, 100%ofrunspersist;

blue, 0% of runs persist). All runs are initializedwith a single infected frog in an

otherwiseuninfectedfrogpopulationat its carryingcapacityandnozoospores in

the zoospore pool (Z = 0). In all of themodels, the frogpopulation canbe rapidly

drivenextinctat high valuesof the zoosporeencounter rate (high γ). (B,D, and F)

Examples of within-season dynamics showing the dynamics of the number of

sporangia on individual frogs. The colored lines are highlighted examples of

trajectories of sporangia on individual frogs. (A and B) Unstructuredhostmodel,

withR=4,K=100 frogs,θF=0.9,θZ=0.1,V=1unit volume, ν=0.1,μ=1day−1,η=

17.5 zoospores · day−1, and σ = 0.2 day−1. In B, f = 0.15, γ = 1 × 10−6 unit volume ·

day−1. (CandD)Modelwithexternal sourceofzoospores.Allparametersareas in

A,with εZ=1,000zoospores. InD, f=0.1,γ=1×10−4unitvolume ·day−1. (Eand F)

Model with long-lived tadpole stage. In F, f = 0.05 for both tadpoles and adults,

γadult = 1 × 10−6 unit volume · day−1, γtadpole = 100 · γadult, νadult = νtadpole = 0.1,

Smax_adult = Smax_tadpole = 10,000 sporangia, R = 40 tadpoles, θadult = 0.9, θtadpole =

0.2,θZ=0.1,m=0.5,V=1unit volume, γ=0.01unitvolume ·day−1,μ=1day−1,η=

17.5 zoospores · day−1, and σ = 0.2 day−1. Stars in A, C, and E indicate parameter

values used for simulations in B, D, and F, respectively.

Fig. 4. Examples of dynamics of model with full-stage R. muscosa/R. sierra

structure. The simulation startswith the populationuninfected, andBd invades

during year 20 of the simulation. For A, the within-season dynamics are also

shown for a single year (year 51). Thick lines in the within-season dynamics

plots are simply trajectories of highlighted individuals for illustrative purposes.

In A, γadult = 1 × 10−6 unit volume · day−1, γsubadult = 10 · γadult, γtadpole = 100 ·

γadult, Smax_adult = 10,000, Smax_subadult = Smax_tadpole = 1,000. In B. γadult= 1 × 10−4

unit volume · day−1, γsubadult =10 · γadult, γtadpole = 100 · γadult, Smax_adult = 10,000,

and Smax_subadult = Smax_tadpole = 1,000. In C, γadult = γsubadult = γtadpole =1 × 10−3

unit volume · day−1, Smax_adult = Smax_subadult = Smax_tadpole = 10,000, θadult = 0.9,

θsub1= θsub2= 0.7, θtad1 = θtad2= θtad3= 0.7, θZ = 0.5,m = 0.5,ωmetamorph= 0.9,pF =

0.25,R = 100,K = 100, f = 0.1, ν = 0.1, η = 17.5 zoospores · day−1, σ = 0.2 day−1 for

all frog stages, V = 1 unit volume, and μ = 1 day−1.
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conditions that promote the continual reinfection of infected
individuals (e.g., small volumes of nonflowing water). If the Bd
load on all individuals reaches a high level, then extinction of the
frog population can occur; however, if some individuals survive
the initial epidemic, then persistence of the infected amphibian
population in a new endemic state is possible.
Similar endemic Bd dynamics after drastic population declines

have been reported in the Eungella torrent frog (Taudactylus
eungellensis) in Australia (33); that study suggested that evolution
of resistance in the frogs or evolution of less-pathogenic strains of
Bd might have been responsible. But our model suggests that the
different population-level outcomes of Bd infection within the
same species do not require differences in frog susceptibility,
pathogen virulence, or environmental conditions (although each
of these might play a role), and might simply represent epidemic
and endemic dynamics of the same host–pathogen interaction. A
recent mark-recapture study on another Australian frog species,
Litoria pearsoniana, over a single season, found that Bd reduced
the monthly survival of infected individuals in an endemically
infected population by 38% (34). Our model suggests that un-
derstanding the within-host fungal load dynamics is the key to
understanding the different impacts of Bd between systems and to
determining the mechanisms of persistence versus extinction.
In the Sierra Nevada, we are currently seeing both epidemic and

endemic Bd dynamics. In some regions (e.g., much of Sequoia and
Kings CanyonNational Park; ref. 16), Bd is apparently invading for
the first time, and the most common outcome of Bd epidemics is
extirpation of R. muscosa/R. sierrae populations. But not all newly
infectedpopulations havegoneextinct, and there remains hope that
someof thesepopulationsmight persistwithBd inanendemic state.
In other areas, Bd arrived at some time in the past, and the initial
epidemic phase of its dynamics was not observed. In Yosemite
National Park, R. sierrae has persisted in only a fraction of its suit-
ablehabitat, and the remaining populations are all infectedwithBd.
Someof these populationsmight be ona slowdrift to extinction, but
others may be truly persisting with Bd in an endemic state. Several
of the results of the model with the full R. muscosa/R. sierrae stage
structure are consistent with our field observations. At persistent
sites, infected adults have lowBd loads, only very rarely reaching the
lethal level. Tadpoles and subadults have high Bd loads, however,
and Rachowicz et al. (6) showed experimentally thatR.muscosa/R.
sierrae suffer high rates of mortality during metamorphosis in both
persistent and nonpersistent populations. The model suggests that
the pattern of repeated loss and regain of infection observed in
adults at field sites might be explained by repeated reinfection of
adults from long-lived infected tadpoles. Given the lack of a de-
tectable effect of Bd on adult frog survival in persistent populations,
the main impact of Bd on R. muscosa/R. sierrae in populations
persisting with Bd appears to occur duringmetamorphosis, and this
increased mortality at metamorphosis might be responsible for the
generally small population sizes at these sites.
Our model highlights the crucial parameters to measure to

gain insight into Bd dynamics (including the rate of buildup of
Bd load on individuals and the rate of shedding of zoospores into
the zoospore pool). The model also can be modified to help
interpret a number of experimental or observational studies in-
vestigating how such factors as temperature (23, 35), moisture,
water flow rate, frog behavior (14, 36), and zoospore dose (27)
can influence the growth rate of Bd and thus the outcome of
infection. Model development also suggests mechanisms that we
have omitted but that might alter the dynamics and should be
explored further (e.g., an adaptive immune response, or any
process that regulates the fungal load on individuals to some-
thing other than exponential growth/decline). The model pre-
sented here does not include adaptive immunity by the frogs
against Bd, in part because we sought to determine whether frog
population persistence despite Bd could be explained without
invoking an immune response. In addition, empirical evidence

for an adaptive immune response is still lacking. Recent studies
involving gene expression profiling of uninfected frogs and those
infected with Bd have found no evidence of up-regulation of
genes associated with an adaptive immune response (37, 38),
although these studies were limited to one highly succeptible frog
species (Silurana tropicalis). This potential explanation for en-
demic persistence will merit further investigation if future studies
demonstrate the presence of adaptive immunity against Bd.
This study also provides a useful new modeling framework for

investigating conservation strategies to protect amphibian pop-
ulations worldwide. Although it appears that Bd has already
arrived in many areas of the world, there remain some regions
where it has not yet been detected (39, 40). Therefore, strategies
that reduce the Bd load if and when it arrives (e.g., treating
individuals with antifungal compounds, reducing population
density, or temporarily removing tadpoles) might permit some
individuals to survive the initial epidemic and allow the pop-
ulation to persist with an endemic Bd infection.

Methods

Mark-Recapture Study. Weperformed amark-recapture study on R. sierrae for

five summers (2004–2008) at three “persistent” sites in the Sierra Nevada of

California that have had Bd-infected frog populations for several years: site 1,

Little Indian Valley, 38°35’45”N, 119°53’15”W, elevation 2,425 m; site 2, Mono

Pass,YosemiteNationalPark,37°51’15”N,119°13’14”W,elevation3,235m;and

site 3, Unicorn Basin, Yosemite National Park, 37°50’36”N, 119°23’06”W, ele-

vation 3,070m. Each sitewas visited at least three times per summer during the

ice-free months (June–October, depending on year). Counts of all lifestages of

R. sierraeandother amphibiansobservedoneach visitwere recorded.R. sierrae

was by far the numerically dominant amphibian at these sites, although Pseu-

dacris regilla (sites 1 and 2), Bufo canorus (sites 2 and 3), and Ambystoma

macrodactylum (site 1) were observed in small numbers. On each visit, as many

adult R. sierra as possible were individually captured with hand-held nets. All

frogswith snout-to-vent length>48mmwere individuallymarkedwith passive

integrated transponder (PIT) tags (cylinders 12 mm long × 2 mm in circumfer-

ence; AVID), which contain unique nine-digit numbers that are detected

and read with hand-held readers. A total of 392 adult R. sierrae were tagged

(SI Methods). On first capture, a PIT tag was inserted beneath the skin through

a small incision on the dorsal surface just posterior to the head and moved

subcutaneously to behind the dorsal pelvic girdle. The weight, snout-to-vent

length, sex, and any obvious symptoms of disease (e.g., lack of righting reflex)

were recorded for each frog.

To determine infection status, each frog was swabbed with a synthetic

swab (Medical Wire & Equipment) using a standardized swabbing protocol

involving a total of 30 strokes (5 strokes on each of the hind foot, thigh of

the hind leg, and side of the abdomen on the ventral side). After swabbing,

each frog was returned to its place of capture. Each swab was allowed to air

dry and then was placed in an individually labeled vial and put on ice or in

a freezer as soon as possible (41). The number of copies of Bd DNA on each

swab (i.e., the Bd load) was determined using real-time quantitative PCR

following the protocol of Boyle et al. (42), and the Bd load was adjusted to

account for the fraction of the extract from the swab used in the PCR. A

threshold of 0 zoospore equivalents of Bd DNA on the swab served as the

cutoff, above which a frog was designated as Bd-positive on that sampling

date. The PCR assay consistently detected very small Bd loads (0–1) on

a fraction of swabs. Measurements of these low fungal loads are repeatable

and likely represent very low levels of infection.

A multistate model, based on the Cormack–Jolly–Seber method (32), was

implemented using the MARK program (http://welcome.warnercnr.colostate.

edu/∼gwhite/mark/mark.htm) to investigate the effect of Bd infection status on

adult frog survival. For this analysis, the encounter history of each frog was

compiled for eachof three timeperiods (early,mid, and late summer) over the 5

years (15 capture events per frog). Ifmore than three surveyswereperformedat

a site in a given year, then the surveys were pooled into early, mid, and late

summer periods. During each of the 15 capture events, each frogwas classified

as Bd-infected (I), Bd-uninfected (U), or not captured (0). The model contained

three types of parameters: survival probabilities, transition probabilities, and

recapture probabilities (SIMethods). Amaximum likelihood approachwas used

todetermine thevalues of theparameters foragivenmodel thatbest explained

the observed encounter histories, and model selection using the corrected

Akaike information criterion (AICc) was used to compare models in which

each of the model parameters was constant or allowed to vary with site, in-

fection status, and/or time.
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Bd Load Model. Our model (Fig. 2A) follows the number of zoospores, Z, in

a zoospore pool (i.e., a lake or pond containing a population of frogs), and

the number of sporangia, Si, on each frog i. Zoospores from the pool en-

counter frogs at rate γ, and a fraction, ν, of those zoospores successfully

infect the frog skin and become sporangia, such that the rate of successful

transmission is β = ν γ. The remaining fraction of zoospores that encounter

frogs (1 − ν) might be killed by the frogs’ defenses, such as antimicrobial

peptides (11) or bacteria on the frogs’ skin (12). Each sporangium releases

zoospores at rate η. A fraction, f, of the released zoospores immediately

encounters the same host (and a fraction, ν, of these zoospores successfully

infects the frog skin), whereas the remaining fraction, (1 − f), enters the

zoospore pool. Sporangia are lost from infected hosts at rate σ, which

incorporates the mortality rate of sporangia and the rate at which infected

hosts shed skin. Zoospores also are lost from the pool through mortality or

attachment to inappropriate substrates at rate μ, such that the average

lifespan of a zoospore in the environment is 1/μ. Chytridiomycosis is a disease

of only the frog skin that appears to lead to mortality through interference

with electrolyte transport across the epidermis (29). Our default assumption

is that an individual frog can tolerate only Smax zoospores on its skin before

it succumbs to chytridiomycosis and dies (consistent with refs. 27 and 29).

The equations for the deterministic version of the model (Fig. 2A) describing

thedynamics in a zoosporepoolof volumeVaredSi/dt = (β/V) Z + η ν f Si – σ Si for i

= 1. . .N, Si ≤ Smax, and dZ/dt =∑N
i¼1½ηð1− fÞSi �− ðγ =VÞ NZ − μZ, whereN is the

numberof frogs currentlypresent in thepopulation.Toallowfor stochasticity, in

themodel simulations time is discretized into short time steps,Δt. Details of the

model simulations and sources of parameter estimates are given in SI Methods.

The following variants of the model were investigated. Details are pro-

vided in SI Methods.

Unstructured host model. In the simplest version, there is no stage structure in

thehost population, and frog reproduction occurs in a discrete pulse each year.

Model with an external source of zoospores. An external source of zoospores was

incorporated into the unstructured host model through the addition of

a number of zoospores drawn from a Poisson distribution with mean εZ to the

zoospore pool each day. This addition can represent either an environ-

mental reservoir for the pathogen or transmission of zoospores from an

alternative amphibian host with an approximately constant density that is

unaffected by the pathogen.

Model with a long-lived tadpole stage. In this variant, the frog population is

structured into a tadpole stage and an adult stage, both of which contribute

zoospores to the same zoospore pool; however, tadpoles do not die when

their Bd load reaches the maximum number of zoospores per tadpole.

Model with full R. Muscosa/R. Sierrae age structure. In this variant of the model,

we incorporate the full-stage structure of the R. muscosa/R. sierrae system, as

in Briggs et al. (17).
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