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Abstract. Chytridiomycosis is an emerging infectious disease that has recently been
reported in amphibian populations throughout the world. It has been associated with many
cases of population declines and extinctions. In some areas of the Sierra Nevada of Cali-
forniathe disease appears to be the causal factor in the rapid extinction of local populations
of the mountain yellow-legged frog, Rana muscosa, within afew years of the first detection
of the disease. In other areas, however, R. muscosa populations appear to persist for many
years, despite high levels of infection in tadpoles. Here we present simple models of the
dynamics of the disease within an individual lake and ask whether our current understanding
of the disease is consistent with the field survey observations of: (a) extinction due to the
disease over a wide range of host population sizes, and (b) persistence of frog populations
with the disease at some sites. Despite our laboratory observation of chytridiomycosis being
invariably lethal to postmetamorphic frogs, the observed long-term persistence of infected
frog populations can only be explained if at least some infected adult frogs survive and

reproduce.

Key words:  amphibian declines; Batrachochytrium dendrobatidis; chytrid fungus, demographic

stochasticity; model; Rana muscosa.

INTRODUCTION

In the late 1990s a new disease was noticed in am-
phibian populations, independently in several widely
separated and remote parts of the world. Berger et al.
(1998) first identified a chytridiomycete fungus asso-
ciated with diseased frogs at sites of frog die-offs in
Australia and Central America. In 1999, Longcore et
al. isolated the fungus, and described the apparent dis-
ease-causing organism as a hew genus and species of
chytrid fungus, Batrachochytrium dendrobatidis. (The
disease caused by the fungus has been termed chytri-
diomycosis.) Sincethat time, B. dendrobatidis has been
identified in >100 amphibians (e.g., Young et al. 2001,
Lips et al. 2003, Berger et al. 2004), and has been
implicated in many cases of population declines and
possible extinctions throughout the world (e.g., Bosch
et al. 2001, Muths et al. 2003, Lips et al. 2004). Wheth-
er B. dendrobatidisis a new pathogen that has recently
spread to all of these parts of the world, or an existing
fungus that has recently turned pathogenic, is an area
of active current research (Morehouse et al. 2003).

In the few years since the discovery of B. dendro-
batidis, efforts have been underway to understand its
basic biology, genetics, transmission dynamics, mech-
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anism of disease, and impact on individuals. However,
at this point there is much that we do not know about
the disease. Simple models, such as the one presented
here, provide a framework for gathering together the
pieces of information that are being assembled from
experiments and observations, and for understanding
their potential population-level consequences. Models
can suggest crucial parameters to measure in the field,
and help us prioritize our experimental investigations.

In this paper, we describe one attempt to understand
the devastating effect that chytridiomycosis is having
on a once common species of frog native to the high-
elevation lakes in the California Sierra Nevada. Over
the last few years, rapid local extinctions of some of
the last remaining large populations of mountain yel-
low-legged frogs (Rana muscosa) have occurred, with
the frogs disappearing from some entire watersheds of
the Sierra Nevada. Chytridiomycosis appears to be the
most likely cause of these die-offs (L. J. Rachowicz,
R. A. Knapp, J. Morgan, M. Stice, V. T. Vredenburg,
J. Parker, and C. J. Briggs, unpublished manuscript).
However, at several sitesin the northern SierraNevada,
which were some of the first sites at which the disease
was identified in R. muscosa (Fellers et al. 2001), the
infected frog populations have persisted for as long as
we have known about the disease. Here we useasimple
stochastic model to ask whether our current under-
standing of the disease is consistent with the field sur-
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vey observations of: (@) extinction due to the disease
over a wide range of host population sizes, and (b)
persistence of the frog populations with the disease at
some sites.

STUDY SYSTEM

The disease: Chytridiomycosis caused by the chytrid
fungus Batrachochytrium dendrobatidis

The chytrid fungus Batrachochytrium dendrobatidis
(Loncore) specifically attacks keratin in amphibians.
Tadpoles have keratin in their mouthparts, whereas
postmetamorphic frogs have keratin throughout their
skin. Therefore, the impact of the disease on individ-
uals is stage specific. We have not detected negative
health impacts of the disease on R. muscosa tadpoles
(Rachowicz and Vredenburg 2004; but see Parris 2004,
Parris and Baud 2004). In postmetamorphic animals,
the impact of chytridiomycosis is highly species spe-
cific. Some widespread species, such as Rana cates-
beiana (American bullfrog) (Daszak et al. 2004) and
Xenopus laevis (Parker et al. 2002), appear to be carrier
species, in which infected adults are apparently unaf-
fected. However, in other species (including R. mus-
cosa) postmetamorphic individual s can die due to acute
chytridiomycosis within days or weeks of infection
(Nichols et al. 2001, Lips et al. 2004, Rachowicz and
Vredenburg 2004; L. J. Rachowicz, R. A. Knapp, J.
Morgan, M. Stice, V. T. Vredenburg, J. Parker, and C.
J. Briggs, unpublished manuscript).

The only known infectious stage of B. dendrobatidis
is a mobile aquatic zoospore, which is released from
infected tissue and targets keratin-containing material
(Longcore et al. 1999, Piotrowski et al. 2004). Zoo-
spores live for <24 hours, and no long-lived stage that
can persist outside the host has been observed. How-
ever, B. dendrobatidis can be cultured in tryptone broth
(Longcore et al. 1999), and other chytridiomycetes are
saprophytes, so there is the potential that it might be
able to persist saprophytically (Johnson and Speare
2003).

The host: Rana muscosa, mountain
yellow-legged frogs

Rana muscosa (Camp) is a native Californian frog
that exists almost entirely on protected federal lands at
high elevations (up to 3700 m) (Knapp and Matthews
2000). This once common species has become increas-
ingly rare during the past century (Vredenburg et al.
2005). The best-documented cause of the decline dur-
ing most of the last century was the introduction of
nonnative trout for recreational fishing (Bradford 1989,
Knapp and Matthews 2000, Vredenburg 2004); how-
ever, trout stocking was halted in the national parksin
the 1990s. The remaining fragmented populations of
R. muscosa are now being threatened by chytridiomy-
cosis.
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Chytridiomycosis in Rana muscosa

We have |earned the following about chytridiomycosis
in R. muscosa from laboratory and field studies:

1) R. muscosa tadpoles can become infected through
contact with infected individuals and/or B. den-
drobatidis zoospores from culture, and carry and
transmit the disease (Rachowicz and Vredenburg
2004). R. muscosa’s multiyear tadpole stage (up
to threeyears[Zweifel 1955]) provides a potential
within-species long-lived reservoir for the dis-
ease.

2) R. muscosa individualsinfected during thetadpole
stage die asthey pass through metamorphosis (Ra-
chowicz and Vredenburg 2004). L. J. Rachowicz
et a. (L. J. Rachowicz, R. A. Knapp, J. Morgan,
M. Stice, V. T. Vredenburg, J. Parker, and C. J.
Briggs, unpublished manuscript) have shown
through both laboratory and field experimentsthat
virtually 100% of infected R. muscosa tadpoles
die within a few weeks of metamorphosis.

3) Postmetamorphic R. muscosa individuals can be-
come infected through contact with infected tad-
poles, postmetamorphic individuals, and/or B.
dendrobatidis zoospores. Infected postmeta-
morphic individuals in the laboratory die ~5
weeks postexposure (L. J. Rachowicz, R. A.
Knapp, J. Morgan, M. Stice, V. T. Vredenburg, J.
Parker, and C. J. Briggs, unpublished manuscript).
All stages of R. muscosa are highly aquatic, rarely
moving >1 m from water (Bradford 1983), keep-
ing them in contact with this water-borne patho-
gen.

The earliest documented case of chytridiomycosis in
R. muscosa isfrom 1998 at several sitesin the northern
SierraNevadain Yosemite National Park (Fellerset al.
2001). However, evidence from museum specimens
suggests that B. dendrobatidis was present in the Sierra
Nevada at least two decades earlier (Green and Sher-
man 2001). At several sites in the northern Sierra, R.
muscosa populations appear to be persisting with the
fungus. In at least one of the initial sites in which B.
dendrobatidis was confirmed in 1998 (Summit Mead-
ow, Yosemite National Park [Fellers et al. 2001]), R.
muscosa populations infected with chytridiomycosis
are still present today (at least six years after first iden-
tification of the disease). Population data are scarce for
these northern Sierra Nevada sites, but one exampleis
shownin Fig. 1b. In other areas, especially in the south-
ern Sierra, R. Knapp (unpublished data; L. J. Rachow-
icz, R. A. Knapp, J. Morgan, M. Stice, V. T. Vreden-
burg, J. Parker, and C. J. Briggs, unpublished manu-
script) has documented many cases in which extinction
of R. muscosa populations occurred within afew years
after B. dendrobatidis was first observed. In these
southern sites, the observed pattern is that dead and
dying postmetamorphic individuals are noticed, fol-
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Fic. 1. Field data from an example of a frog die-off site
and an example of a‘‘ persistent’ site. (a) Rapid die-off within
two years of initial disease detection in Frog Lake, Hum-
phreys Basin, Sierra National Forest, California, USA, 1996—
2003. (b) Apparent persistence with the disease at ** Conness
Pond,” Yosemite National Park, California. Averages of vi-
sual survey counts each year are shown.

lowed by infected tadpoles. The tadpoles may persist
for a few years, but as each age cohort passes through
metamorphosis they die of chytridiomycosis (Fig. 1a).
Rapid die-offs of R. muscosa populations consistent
with chytridiomycosis have occurred in >50 southern
Sierran water bodies in recent years (R. Knapp, un-
published data).

THEORETICAL APPROACH

The model that we present here describes the dy-
namics of the frog population in a single lake. In the
long term, mountain yellow-legged frogs probably ex-
ist as a metapopulation, with populations going extinct
and being recolonized. Spatial processes and dispersal
are, of course, likely to be important in the invasion
of the disease into new lakes and in the spread of the
disease through the Sierra Nevada. The model de-
scribed here, however, considers only what happens
after the disease invades a new lake. The pattern that
we have observed in the southern Sierra Nevadais that
the frog population is driven extinct within a couple
of years following disease invasion. R. muscosa has
very limited dispersal (V. T. Vredenburg, unpublished
data), so over this short time scale, immigration and
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emigration of frogs are probably not that important to
the dynamics within a single lake.

Here we develop a stage-structured stochastic sim-
ulation model. It wasimportant to include demographic
stochasticity in the model because at many of the sites
where the frogs appear to be persisting with the disease,
the frog populations are very small, consisting of only
tens to hundreds of postmetamorphic individuals.
Therefore, we developed an individual-based model,
with integer numbers of individualsin each stage class.
The transitions between classes, fecundity, and the
transmission process are all treated as probabilistic
events, rather than rates or fractions of the population
asin deterministic models. Environmental stochasticity
can also be very important for these populations, with
rainfall and the number of ice-free daysin agiven year
affecting the demographic parameters. Therefore, we
also performed simulations including environmental
stochasticity in the parameter that specifies how many
adult frogs a particular lake can support. Although fe-
cundity, survival, and maturation can be approximated
satisfactorily by a discrete-time model, disease trans-
mission and production of new infected individuals
cannot. These disease-related processes occur contin-
ually during the ice-free summer months (and possibly
also during the months when the frogs and tadpoles are
under the ice). Therefore we developed a hybrid model
(e.g., Rohani et al. 1994, Briggs and Godfray 1996)
that combines discrete-time between-year dynamics
with continuous-time within-year dynamics.

MoDEL DESCRIPTION
Basic matrix model

The model includes the stage structure of the R. mus-
cosa system (Fig. 2a), in which individuals spend up
to three years (depending on temperature and number
of ice-free days) as a tadpole before metamorphosis.
Following metamorphosis, individual s arejuveniles (or
subadults) for two years before they can reproduce, and
they can remain as reproductive adults for many years.
Breeding occurs during a short window of time im-
mediately after the lakesthaw in the spring, and distinct
age cohorts are observable in the frog populations. A
deterministic version without disease would take the
form of a standard matrix model (Eq. 1, at the bottom
of the following page) where L,(t), Ly(7), and L4(7) are
the number of first-, second-, and third-year tadpoles,
respectively, J,(7) and J,(7) are the number of first- and
second-year postmetamorphic juveniles, respectively,
and A(7) is the number of adult frogs, al in year .
Variable o, is the yearly survival probability for each
stage X, pe is the proportion of adults reproducing in a
givenyear, and F isthe annual fecundity of reproducing
adults. A fraction p, of individuals in the first-year
tadpole stage remain as tadpoles for a second year. The
remaining (1 — p_,) metamorphose after the first year
and enter the J, stage. Additional mortality may occur
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many years
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Fic. 2. Diagrams of the model structure. (a)
Stage structure of the disease-free population.
(b) Sequence of events during the year, com-

up to 3 years as a tadpole 2 years as a subadult as an adult bining a discrete-time overwinter model of mat-
uration, survival, and fecundity, with continu-
b ous-time within-summer dynamics of disease
transmission and production of infected indi-
viduals. Both parts of the model are imple-
Overwinter: mented as integer-based stochastic models.
Mortality, maturation between stage Refer to Table 1 for an explanation of terms.

L (L, L,, Ly) isthe larval frog stage.

—> Breeding —>| Disease transmission, |~
mortality
N(O’T) N( Tsummenr)

during metamorphosis, which is included in m_, = 1,
the survival probability of first-year tadpoles through
metamorphosis. The variables p,, and m_, are defined
in an analogous way for second-year tadpoles. Variable
o5 includes the probability of both surviving through
the L, stage and surviving through metamorphosis for
third-year tadpoles.

Inclusion of density dependence
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Density dependence in the model is included in the
recruitment from the juvenile stage to the adult stage.
In many disease-free and fish-free populations in the
Sierra Nevada, the apparent carrying capacity for adult
frogs is one frog for every 2 m of shoreline (see Vre-
denburg 2004: Fig. 3a; V. Vredenburg and R. Knapp,
unpublished data). We have assumed that recruitment
of juveniles to the adult stage is a decreasing function
of current adult density. Juveniles that cannot find a
site are assumed to leave the pond and attempt to find
another pond. The parameter K represents the strength
of density dependence, and determines the average den-
sity of adults in a disease-free population, such that
K = A*/In[y/(1 — o,)], where A* is the equilibrium

(oA PaAFT o) [M 10 1(1 = Pry) + Moo (1 — PLo) oLs Pus

+ 0305 P2011 pu] .
Inclusion of demographic stochasticity

In order to allow for the effects of demographic sto-
chasticity, the matrix model described above was con-
verted into an individual-based model, with integer
numbers of individualsin each stage class. Wefollowed
the technique outlined in Caswell (2001: Section
15.1.3) to perform stochastic simulations of the model.
The probability of survival and/or maturation for each
individual can be thought of as a flip of a weighted
coin, with the probability of ‘‘heads’ determined by
the specific entry in the matrix above. For example,
each individual in the J, stage in year 7 has probability
o, P, Of surviving and entering the J, stage to start
year T + 1. Therefore, the number of individuals mak-
ing the transition from J,(7) to J,(t + 1) in each year
Tisadraw from abinomial distribution with parameters
p = o, pand n = Jy(7). Similarly, the yearly survival
of adult frogs is o, and the probability that each adult
frog reproduces in year T is pg, SO the number of re-
producing frogs in each year is adraw from a binomial
distribution with parameters p = o, pe and n = A(t).
Each reproducing frog produces a number of offspring

adult density in the deterministic model, and ¢ = drawn from a Poisson distribution with mean F.
0 0 0 0 O 0 oap:F DtLlu
2 D O'Llle 0 0 0 0 0 2
OL2PL2 0 O 0 0
O, o =10 DD D(T
1 m|_10'|_1(1 pii) Moo(l—pp) oz O 0 0
ZD D 0 0 oy 0 0 H
CAD O 0 0 0 opexp[—A()/K] o, OO0OAD
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Fic. 3. Runs of the simulation model. Each simulation
starts with a disease-free population, and 10 infected adults
are introduced on day 50 (red arrow = disease introduced).
(a) Rapid disease-caused extinction of the frog population
with ¢, = 0.001, ¢; = by = 1, y, = 0.006 d%, v, = yo =
0.8 d-*. (b) Extinction of the disease and recovery of the frog
population with ¢, = 0.05, b; = by =1, v, = 2 X 104d?,
v; = vy5 = 0.002 d-*. (c) Persistence with the disease if adult
frogs can potentially survive with the disease, but all infected
tadpoles die at metamorphosis with c, = 0.9, ¢, = 0.001, ¢,
=2X10% by =1v =0045d % y; =1 X 1076 vy, =
8.6 X 104d%, d, = dy = d, = 0. In al simulations, A*
= 50, there is no environmental stochasticity, and all other
parameters are as in Table 1.

Inclusion of environmental stochasticity

The model was set up such that environmental sto-
chasticity could be included in the adult ** carrying ca-
pacity,” A(t), which represents how many adult frogs
the pond could support in a given year 7. For runs with
environmental stochasticity, A(t) is drawn from a sym-
metrical beta distribution with mean A* (the equilib-
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rium density for the deterministic model), and the pa-
rameter K is set equal to A(t)/In[\/(1 — o4)].

Inclusion of the disease submodel

The disease-related processes of transmission and
production of infected individuals occur continually
during the ice-free summer months (and possibly also
under the ice during the rest of the year). Fig. 2b il-
lustrates the sequence of events as they are assumed
to occur during ayear in our hybrid model. N(t, ) now
represents the number of individuals in each stage N
on day t in year 7. Mortality and maturation between
stages occur over the winter. Immediately after ice
thaw, breeding occurs. The discrete-time stochastic
model outlined above describes these processes, and
calculates the numbers in each stage on day O in year
T + 1 [that is, N(O, = + 1)] from the numbers of in-
dividuals in each stage at the end of the disease trans-
mission period in year 7 [that is, N(Tgyq, T)]. Teng CoOuld
be taken as the length of the summer (~100 days), or
if transmission occurs year-round, T,y could be set
equal to 365 days. The continuous-time disease sub-
model, described next, calculates the numbers of in-
dividuals in each stage at the end of the transmission
period in year 7 [N(Tqq 7)] from the numbers at the
start of the transmission period in that same year [N(O,
7)].

Most simple disease models are formulated as sys-
tems of differential equations, with rates of movement
of susceptible hosts to the infected stage following
transmission. For the frog system, with transmission
possible within and between each stage, such a set of
differential equation models over a single summer
would look like the following:

Tadpoles in each year classi = 1, 2, 3:

dL(t, 7)/dt = —v Li(t, 7) — d. Li(t, )
dL(t, 7)/dt = v Li(t, ) — d, Lt 7) (2

with

v = by Lt 1) + v Lot 7) + yoLis(t, 7)
+ vt ) + vidat, T) + YAAR T)]
Juveniles, in each year classj = 1, 2:
dJ;(t, )/dt = —v,Ji(t, ) — dyJ;(t, 7)
dJ;(t, T)/dt = vyJi(t, v) — dyJy(t, 7) )

with

vy = dyly Lt ) + v Lot 7) + yoLis(t, )

+ v3du(t 1) + vido(t ) + vAA(R T)]
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Adults:
dA(t, T)/dt = —v AL T) — dAA(L T)
dA(t, T)/dt = vAA(L T) — da AL T) 4
with

va = dalylia(t 1) + v Lot 7) + v Lis(t, 7)

+ v3dut ) + vido(t T) + vAAR T)]

where L,(t, 7), Ly(t, 1), L(t, 7), Ji(t, 7), Ix(t, 7), and A(t,
7) are the numbers of uninfected frogs in each class at
time t in year 7, as before. L, (t, 7), Ls(t, 7), Lis(t, 7),
Ja(t, 1), J(t, ), and A(t, T) are now the number of
infected frogs in each of those classes, where the sub-
script | indicates infected animals. The values d, d,,
and d, are the per-capita death rates of uninfected tad-
poles, juveniles, and adults, respectively, and d,,, dy,
and d,, are the per capita death rates of infected in-
dividuals in those same stages.

We have made several assumptions about the trans-
mission process. First, we have assumed that the rate
of disease transmission is proportional to the rate of
contact between uninfected and infected individuals.
This form of mass action or density-dependent disease
transmission function has been called into question
(McCallum et al. 2001) for diseases in which the rate
of contact does not necessarily increase linearly with
the population size or population density (e.g., sexually
transmitted diseases, or systemsin which there are par-
ticular forms of social structure). However, we would
argue that tadpoles in ponds represent a system that is
most likely to meet the density-dependent transmission
process assumptions: more frequent contact at high
densities than at low densities. Density-dependent
transmission may not be the most appropriate for trans-
mission between adult frogs if they have somewhat
fixed feeding territories along the shoreline. We also
tried different transmission functions, including fre-
quency-dependent transmission between adult frogs.
These did not qualitatively change the predictions of
our model, and therefore we report only the results of
the density-dependent transmission version here.

Second, we have allowed disease transmission to oc-
cur within and between all developmental stages of the
frogs. This assumption has been supported in R. mus-
cosa by laboratory and field experiments (L. J. Ra-
chowicz, R. A. Knapp, J. Morgan, M. Stice, V. T. Vre-
denburg, J. Parker, and C. J. Briggs, unpublished man-
uscript).

Third, although disease transmission actually occurs
through zoospores released from infected individuals
coming into contact with susceptible hosts, we have
approximated it with direct contact between infected
and susceptible individuals. This is a reasonable ap-
proximation because zoospores are thought to be in-
fectious for less than a day, and therefore the number
of infectious zoospores at any point in time correlates
extremely well with the weighted number of infectious
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individuals. This approximation would not work well
for alonger-lived free-living infectious stage (e.g., the
hypothesized, but never observed, resistant sporangium
stage).

Fourth, we have divided the transmission coefficient,
which is frequently denoted as B in standard disease
models, into two components, B = &y, for the inter-
action between a given susceptible stage x and infec-
tious stage y. Parameter ¢, is the relative susceptibility
of stage x, which is a measure of how easy it is for an
individual to get infected when it comesin contact with
an infected individual. Parameter v, is the relative in-
fectiousness of stage y, which relates to the rate of
release of zoospores from infected individuals of that
stage. For simplicity we have assumed that values of
¢ and vy do not change between the three tadpole year
classes, nor between the two juvenile year classes.

For the stochastic simulations, we do not use the
differential equations above, but instead use a sto-
chastic approximation thereof, which follows the fate
of integer numbers of individuals in each age class as
they pass through a sequence of discrete infection and
mortality events. We used Gillespie's direct method
(Gillespie 1977, described in Wearing et al. 2004), in
which the time trajectory over the course of the summer
(i.e., through the period when disease transmission oc-
curs) can be efficiently described by a sequence of
times between events, and a list of the type of events
(e.g., infection of first-year tadpole, mortality of in-
fected adult, etc.). The time between events follows an
exponential distribution, and events are independent.
Eighteen distinct types of events can occur in any point
in time (which correspond to the different terms on the
right-hand sides of the differential equations in Egs.
2-4): six involve infection of the six frog stages, with
al = vLLl(tv T)v a2 = vLLZ(ti T)v a3 =V L3(t1 T), a4 =
vodi(t, 1), a5 = vydo(t, 1), a5 = v A(L, T), SiXx involve
death of an uninfected host, with a, = d L,(t, 1), ag =
d. Ly(t, 7), @ = diLy(t, 7), @y = dydy(t, 7), @ = dyJ(t, 7),
a;, = d,A(L, 1), and six involve death of an infected
host, with a;; = d,Li(t, 7), ay = dybet 1), as =
dulis(t, 1), s = dydu(t, 1), &y = dydoft, 1), & =
daA(t, 7).

The model proceeds as follows. Starting from time
t = 0 in year 7, two independent random numbers, U,
and U, are drawn from a uniform distribution on the
interval [0, 1]. The time until the event will be: 7 =
—In(Uy)/ay, where a,,, = 218, a. Time is incremented
tot + 7. U, is used to determine the identity of the
next event. The probability that the event is typei (for
i = 1to 18, as defined above) is g /a, (e.g., if U, =
a,/a,, then the event is the infection of a first-year
tadpole, if a/Ja, < U, = (a,+ a))/a,, then the event
is the infection of a second-year tadpole, etc.). If the
event is an infection, then the number in the affected
susceptible host class is decremented by one, and the
corresponding infected host stage is incremented by
one. If theevent isthe death of an uninfected or infected
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TaBLE 1. Model parameter descriptions, symbols, and default values.

Uninfected hosts Infected hosts
Default Default
Parameter description Symbol value Symbol  value

Overwinter survival probability, first-year tadpoles oL 0.2 oL 0.2
Overwinter survival probability, second-year tadpoles O 0.7 Tl 0.7
Overwinter survival probability, third-year tadpoles O3 0.7 OLs 0
Overwinter survival probability, first-year juveniles o 0.7 Oy 0
Overwinter survival probability, second-year juveniles op 0.7 [ 0
Overwinter survival probability, adults Oa 0.9 [N 0
Probability of afirst-year staying as a tadpole for the second year P2 1 PiLa 1
Probability of a second-year staying as a tadpole for the third year P2 0.5 Pi2 0.5
Probability of surviving metamorphosis after the first year m, 0.9 my , 0
Probability of surviving metamorphosis after the second year m, 0.9 my 0
Probability that an adult reproduces in a given year Pe 0.25 P 0
Average fecundity of reproducing adult (Poisson distributed) F 100 F, 0
Death rate of tadpoles during summer d,. 0 dy 0
Death rate of juveniles during summer d, 0 dy 0.1
Death rate of adults during summer da 0 da 0.02
Relative susceptibility of tadpoles, juveniles, adults b, by, dba varied
Infectiousness of tadpoles, juveniles, adults Yo Vo Ya varied

host, then the number in the affected stage class is
decremented by one. The process starts again at the
updated time with the drawing of two new uniform
random numbers, and is repeated until the end of the
summer period for that year (that is, until t = T, is
reached).

In order to incorporate the disease submodel into the
full model, assumptions need to be made about what
happens to each class of infected frogs over the winter.
The default assumptions are: (1) individualsin the tad-
pole stage survive and mature in the same way as un-
infected tadpoles; (2) infected tadpoles die as they pass
through metamorphosis; and (3) all infected postme-
tamorphic animals do not survive overwinter. However,
in variants of the model investigated below, we allow
assumptions (2) and (3) to be violated, and therefore
a version of the model with survival through meta-
morphosis and after metamorphosis was also devel-
oped. In that full model, all survival, maturation, and
fecundity parameters are defined for the infected clas-
ses in the same way as for the uninfected classes (see
Table 1). The parameter ¢, describes the probability
that an infected tadpole retains the infection through
metamorphosis.

Parameter estimates

For the disease-free frog model, we have reasonable
estimates of all of the demographic parameters from
the work on the system by Vance Vredenburg and Ro-
land Knapp (unpublished data, see Table 1). Our lab-
oratory and field observations suggest that tadpole sur-
vival is unaffected by chytridiomycosis, and therefore
we set the infected tadpole parameters equal to the
values for uninfected tadpoles. Laboratory experiments
have shown that subadults die on average ~10 days
after exposure to chytrid zoospores, and adults die ~50
days post exposure (L. J. Rachowicz, personal com-
munication). Therefore, the default values of these pa-

rameters have been set equal to d; = 1/10 d~* and d,,
= 1/50 d-*.

Estimates for the disease transmission parametersare
more difficult to obtain, and although experiments are
currently underway, we do not yet have reliable pa-
rameter values. Therefore, we carried out Monte Carlo
simulations in which random combinations of param-
eters were chosen repeatedly over the feasible range of
values, and simulations were performed to determine
the types of dynamics that are possible from the model.
We fixed the value of ¢, at 1, such that the suscepti-
bilities of the other stages are measured relative to the
susceptibility of adult frogs. From our laboratory ex-
periments we know that postmetamorphic frogs are
much more susceptible to the disease than tadpoles. In
a recent experiment, tadpoles exposed to 5 X 10° zoo-
spores did not become infected, but postmetamorphic
frogs exposed to only 10* zoospores did (C. J. Briggs,
M. Stice, T. Tunstall, V. T. Vredenburg, and D. C.
Woodhams, unpublished manuscript). Therefore, in our
simulations we investigated the effects of ¢, < ¢,
and ¢,.

The Monte Carlo simulations investigated parameter
values over several orders of magnitude. The parameter
values were chosen to give each order of magnitude
equal representation. For example, if ¢, values over x
orders of magnitude are being investigated, with amin-
imum ¢, value of 107, for each run, ¢, = 10U*x-y),
where U is a uniform deviate in [0,1]. For each set of
assumptions that we investigated below, Monte Carlo
simulations of 108 randomly chosen combinations of
parameters were performed. For each parameter com-
bination, a single realization of the stochastic model
was run. In order to determine the effect of invasion
of the chytrid into a disease-free frog population, each
simulation was started with the number of frogsin each
stage set to its disease-free (deterministic) equilibrium
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density, and the stochastic simulation was allowed to
run for 50 years without the disease. In year 50, 10
infected adult frogs were introduced into the popula-
tion, and the simulation was continued for an additional
100 years. The time from disease invasion until the
extinction of the frog population and/or the disease was
recorded for each run. The fraction of runs in which
the frogs or the disease persist for a given length of
time will obviously depend on the range of parameters
that we chose to investigate. Therefore, these fractions
should be used only for comparisons between runs, and
not interpreted as the probability of persistence.

RESULTS
Frog populations persist without the disease

In the absence of the disease, frog populations with
the default R. muscosa demographic parameter values
have a very low annual risk of extinction. Without en-
vironmental stochasticity, even populations in lakes
that can support only low numbers of adults (A* = 10
adult frogs) can persist indefinitely (only 1 out of 104
runs of the model without environmental stochasticity,
went extinct in <10 years). Even very high levels of
environmental stochasticity increased the risk of ex-
tinction only slightly (5 out of 10* runs of the model
with A* drawn from a symmetrical beta distribution,
with mean = 10 and range 0—20 went extinct in <10*
years). The low risk of extinction is likely due to the
relatively high annual multiplicative growth rate from
low densities (A = 1.54 = the dominant eigenvalue of
the deterministic model at low densities). This high
rate of increase from low densities is substantiated by
the observed rate of increase of frogs reintroduced into
lakes following trout removal (R. A. Knapp, unpub-
lished data).

If chytridiomycosis is invariably fatal, persistence
with disease is highly unlikely

With our default demographic parametersfor R. mus-
cosa, and with our current working understanding of
the effects of chytridiomycosis on tadpoles (i.e., no
effect until metamorphosis) and postmetamorphic frogs
(i.e., fairly rapid death), the only two likely outcomes
following disease invasion are (1) rapid extinction of
the frog population and the disease (Fig. 3a), or (2)
some level of initial impact of the disease on the frog
population (depending on the transmission parame-
ters), followed by extinction of the disease and recov-
ery of the frog population (Fig. 3b). Persistence of the
frog population with the disease is highly unlikely. Un-
surprisingly, high values of the transmission parame-
ters (¢’s and v’s) are more likely to lead to extinction
of the frog population, and low values are more likely
to lead to failure of the disease to invade the population,
or to have only a small impact on the population before
extinction of the disease.

With our default assumptions, the multiyear tadpole
stage is the only stage carrying the pathogen from one
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year to the next, and therefore it is absolutely crucial
for the persistence of the disease. However, the ‘“‘res-
ervoir’” for the disease in the tadpole stage is not suf-
ficient to allow for sustained persistence of the disease
in the population. Some of the model results with the
default assumptions are tabulated in Table 2a. A sim-
plified version of the model was investigated first in
which ¢; = by = 1 and y; = y,, that is, differences
between tadpoles and postmetamorphic stages were in-
vestigated, but all postmetamorphic stages were as-
sumed identical in transmission parameters. The per-
sistence of the disease depends greatly on the suscep-
tibility of the tadpole stage relative to the susceptibility
of the postmetamorphic stages. With low levels of sus-
ceptibility of tadpoles, the disease cannot persist, even
for a short while. (With ¢, < 0.01 the disease was
never found to persist longer than five years; i.e., 0 out
of 1 million runs, for any values of vy, or y,.) As ¢,
is increased to values at which the tadpoles and post-
metamorphic stages are similar in susceptibility, the
likelihood of disease persistence is increased some-
what, but it remains difficult to find parameter com-
binations for which the disease can persist for longer
than 10 years. As ¢, is increased further, it becomes
more likely that the frog population will be driven ex-
tinct by the disease.

Increasing either the average number of adult frogs
that a pond can support (A*), or increasing the average
fecundity of adults (F), has the same effects on per-
sistence. Both increase the potential rate of input of
new susceptible individuals to the population, and
therefore both increase the likelihood of persistence of
a highly virulent disease (provided the frog population
also persists). However, even for high levels of fecun-
dity or moderately high adult *‘ carrying capacities’” it
was difficult to find parameter values for which an in-
variably lethal disease could persist in the frog popu-
lation (see Table 2a). Increasing either adult carrying
capacity or fecundity also made it more likely that the
disease would cause extinction of the frog population.

If some infected tadpoles lose disease at
metamor phosis, there is no persistence with disease

Our laboratory and field experiments suggest that
tadpoles retain the infection through metamorphosis
and then die due to the disease (L. J. Rachowicz, R.
A. Knapp, J. Morgan, M. Stice, V. T. Vredenburg, J.
Parker, and C. J. Briggs, unpublished manuscript).
However, because keratin is present in different parts
of the body of tadpoles and postmetamorphic individ-
uals, it has been suggested that in some speciestadpoles
might lose the infection as they go through metamor-
phosis, and have to be re-infected as subadults or
adults. We found that loss of infection at metamor-
phosisin the model reduces the likelihood that the dis-
ease will cause extinction of the frog population, and
reduces the potential for the disease to persist in the
frog population (Table 2b). If tadpoles retain the in-
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TaBLE 2. Summary of results on persistence.
F, fecun- Percentage of runs
dity
A*, (no. off-
carrying  spring Cy, fraction Frogs Disease Disease Disease
capacity produced/ retaining c,, fraction persist persists  persists  persists
¢, range (d-%) b, range (d-) (no. frogs) yr) infection surviving >100 yr >5yr >10yr >100 yr
a) Disease invariably fatal to postmetamorphic frogs
Investigating effect of susceptibility of tadpoles ¢, (with &; = da, v; = va)
10-7 to 0.01 1 50 100 87 0 0 0
0.01to 0.1 1 50 100 48 0.21 0.021 0
01to1l 1 50 100 32 16 0.48 0.001
1to 10 1 50 100 20 5.4 25 0.15
10 to 100 1 50 100 12 11 7.5 0.91
100 to 10° 1 50 100 6.7 13 9.3 0.69
10° to 10* 1 50 100 25 13 9.2 0.002
Investigating effect of adult *‘ carrying capacity,” A*
107to 1 1 10 100 79 0.083 0.006 0
107to 1 1 50 100 74 0.28 0.075 0
107to 1 1 100 100 71 0.38 0.13 0.007
107to 1 1 200 100 68 0.42 0.15 0.036
Investigating effect of adult fecundity, F
107to 1 1 50 100 74 0.28 0.075 0
107to 1 1 50 200 71 0.37 0.13 0.01
107to 1 1 50 500 67 0.56 0.28 0.07
b) Some tadpoles lose infection at metamorphosis
107to 1 104 to 10° 50 1.0 72 0.36 0.093 0
107to 1 104 to 10° 50 0.5 100 0.32 0.093 0.002
107to 1 10“to 103 50 0 100 0.34 0.088 0
Tadpoles survive metamorphosis, but retain infection
107to 1 10-“ to 103 50 1.0 62 0.67 0.21 0.002
¢) Tadpoles die at metamorphosis, but some infected subadult and adult frogs survive
107to 1 104 to 103 50 0 67 0.28 0.064 0.002
107to 1 104 to 10° 50 0.1 57 23 0.072 0
107to 1 104 to 10° 50 0.5 67 86 50 0.22
107to 1 10“to 103 50 0.9 82 100 98 57
107to 1 104 to 10° 50 1.0 85 100 100 60

Notes: Each row represents a Monte Carlo simulation of 10° parameter combinations in the specified range of disease
transmission parameters. Unless otherwise specified, b, = 1; v, vv; and vy, were all chosen independently from the range
10-7 to 10. Numbers in italics highlight the input variable that is changed between rows.

fection through metamorphosis, but infected individ-
uals do not die immediately upon metamorphosis, then
this has the reverse effect, allowing for somewhat lon-
ger persistence of the disease in a small fraction of the
parameter combinations.

If some infected adults can survive with disease,
disease persistence is possible

If the disease is not invariably lethal to postmeta-
morphic individuals, then it becomes relatively easy to
find combinations of transmission parameters that al-
low for long-term persistence of the disease in an in-
fected frog population. In Table 2c, we assume that
infected tadpoles die at metamorphosis, but that indi-
viduals that become infected during the subadult or
adult stage suffer only an increased overwinter mor-
tality. The expression (1 — c,) is the factor by which
the overwinter survival of the postmetamorphic stages
is reduced due to the disease. With c, = 1 (i.e., the
only impact of the disease is on mortality of tadpoles

at metamorphosis), the disease persisted for over 10
years for virtually all of the transmission parameter
combinations, and persisted for over 100 years for 60%
of the parameters. With ¢, = 0.9 (i.e., a 10% reduction
in overwinter survival of subadults and adults), more
than half of the transmission parameter combinations
lead to persistence with the disease for >100 years.
Fig. 3c shows one simulation run with long-term per-
sistence of the disease through survival of infected
adults. With relatively high transmission parameters, it
is possible to have the frog population persisting with
virtually all of the postmetamorphic individuals in-
fected with the disease.

Discussion

Our current working understanding of chytridiomy-
cosis in R. muscosa is that it is invariably lethal, be-
cause laboratory and field experiments have shown that
infected tadpoles die as they pass through metamor-
phosis (L. J. Rachowicz, R. A. Knapp, J. Morgan, M.
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Stice, V. T. Vredenburg, J. Parker, and C. J. Briggs,
unpublished manuscript). Laboratory experiments have
also revealed that postmetamorphic animals are easier
to infect with the disease than tadpoles, and that when
infected they die within weeks of infection (C. Briggs
et al., unpublished data). Our simple simulation model
suggests that these assumptions are consistent with
what we are observing in the southern parts of the
California Sierra Nevada (Sequoia and Kings Canyon
National Parks). In those areas, the frog populationsin
many lakes have gone extinct within a few years after
B. dendrobatidis was first detected (L. J. Rachowicz,
R. A. Knapp, J. Morgan, M. Stice, V. T. Vredenburg,
J. Parker, and C. J. Briggs, unpublished manuscript; R.
Knapp, unpublished data). The pattern of die-off in the
model is consistent with that observed in the field:
postmetamorphic animals disappear first; tadpoles re-
main until individuals in each cohort die at metamor-
phosis.

Our current working understanding of the disease is
not, however, consistent with the apparent persistence
with B. dendrobatidis at sites in the northern part of
the Sierra Nevada (Yosemite National Park, and Na-
tional Forest lands to the north). The model suggests
that the differences in the north vs. south cannot be
explained purely by differencesin transmission param-
eters between the different areas, either in susceptibility
to infection (¢’s), or in infectiousness of infected in-
dividuals (y's). With an invariably lethal disease, no
combinations of susceptibility or infectiousness re-
sulted in long-term persistence of the disease in the
frog population. Similarly, the model suggests that dif-
ferencesin the size of populationsin the north vs. south
do not explain differences in persistence with the dis-
ease. In the model, it is slightly easier to find trans-
mission parameters resulting in long-term disease per-
sistence in large populations; however, this effect was
relatively small. In contrast, the persisting frog popu-
lations in the northern Sierra Nevadatend to be smaller
populations than the southern populations prior to dis-
ease invasion.

The model suggests that the key to long-term per-
sistence with B. dendrobatidis is survival of at least
some fraction of infected postmetamorphicindividuals.
Thisimpliesthat we should be concentrating our efforts
on (a) determining how long infected subadults and
adults in the northern areas are surviving with the dis-
ease, and (b) investigating factors that might allow in-
fected postmetamorphic individuals to survive at the
northern sites. Recent developments in PCR (poly-
merase chain reaction) techniques for nonlethal detec-
tion of the disease (Boyle et al. 2004) has made pro-
posal (@) possible this summer for the first time. A
project involving tagging and repeat captures of in-
fected individuals has suggested that infected adults
can survive at least over the course of a single summer
(C. Briggs et a., unpublished data); however, over-
winter survival is yet to be measured. Efforts are un-
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derway to understand the physiological mechanism by
which chytridiomycosis kills infected adults, which
will greatly help with effort (b). In other amphibian
species, high temperature and variability in temperature
have been shown to be detrimental to the growth of B.
dendrobatidis, reducing frog mortality due to chytri-
diomycosis (Woodhams et al. 2003, Berger et al. 2004,
Piotrowski et al. 2004). There are observable differ-
ences in the habitat characteristics between our two
types of sites that may allow frogs at the persistent
sites to experience higher and more variable temper-
atures than those at die-off sites. Many of the sites at
which frog populations have persisted with B. dendro-
batidis consist of marsh and stream areas with emergent
vegetation, in addition to lakes, while most of the die-
offs have occurred in deeper lakes surrounded by gran-
ite bedrock. We are currently investigating how these
different habitat characteristics translate into different
temperature profiles experienced by the postmeta-
morphic frogs. Another factor to investigate is regional
differences in antimicrobial peptides in R. muscosa
skin, which have been shown in other species to be a
defense against chytridiomycosis (Rollins-Smith et al.
2002, 2003).

The model presented hereincludes only a single host
and no saprophytic growth by B. dendrobatidis. Re-
gional persistence of the pathogen could be explained
if other reservoir host species are present that are not
as strongly affected as R. muscosa by the disease.
Screening for other amphibian or nonamphibian res-
ervoir hosts is underway, but none have yet been found
at our Sierran sites (J. Morgan, unpublished data). R.
muscosa is the most abundant amphibian species at
most sites, but Pseudacris regilla, Bufo canorus, Bufo
boreas, and Ambystoma macrodactylum are also pre-
sent (although these species are either less aquatic or
much less abundant than R. muscosa). A lethal emerg-
ing infectious disease that can also grow saprophyti-
cally would be a tremendous threat, as it would have
the potential to persist even in the absence of any living
host, and potentially render a site unsuitable for rein-
troductionsfollowing host extinction. We have not con-
sidered the possibility of saprophytic growth in the
model here, but previous models have suggested that
it readily leads to host extinction and disease persis-
tence (Godfray et al. 1999).
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