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Abstract

While disease-induced extinction is generally considered rare, a number of recently emerging infec-
tious diseases with load-dependent pathology have led to extinction in wildlife populations. Trans-
mission is a critical factor affecting disease-induced extinction, but the relative importance of
transmission compared to load-dependent host resistance and tolerance is currently unknown.
Using a combination of models and experiments on an amphibian species suffering extirpations
from the fungal pathogen Batrachochytrium dendrobatidis (Bd), we show that while transmission
from an environmental Bd reservoir increased the ability of Bd to invade an amphibian popula-
tion and the extinction risk of that population, Bd-induced extinction dynamics were far more
sensitive to host resistance and tolerance than to Bd transmission. We demonstrate that this is a
general result for load-dependent pathogens, where non-linear resistance and tolerance functions
can interact such that small changes in these functions lead to drastic changes in extinction
dynamics.
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INTRODUCTION

Disease-induced extinction of a host population is considered
rare (De Castro & Bolker 2005; Smith et al. 2006; McCallum
2012). This is because in many systems disease transmission is
an increasing function of the density of infected hosts (i.e.
density-dependent transmission) such that decreasing host
density reduces disease transmission and prevents disease-
induced extinctions (McCallum & Dobson 1995; Gerber et al.
2005). Theoretical models suggest that to drive a host popula-
tion extinct, a disease needs to have alternative transmission
dynamics such that declining host density does not prevent
further disease transmission (De Castro & Bolker 2005; Smith
et al. 2006; McCallum et al. 2009). For example, frequency-
dependent transmission, in which hosts have a density-inde-
pendent number of contacts with other hosts per unit time
(McCallum et al. 2001), or abiotic/biotic reservoirs for the
pathogen are two transmission scenarios that can lead to dis-
ease-induced host extinction. In both cases, decreasing host
density does not necessarily lead to a decrease in disease
transmission. Despite the rarity of disease-induced host extinc-
tion (Smith et al. 2006), a number of wildlife diseases, such as
chytridiomycosis in amphibians, white-nose syndrome in bats,
and facial tumour disease in Tasmanian devils, have recently
been identified as the causative agents of host declines and
population extinctions (Skerratt et al. 2007; Blehert et al.
2008; McCallum et al. 2009).

While the characteristics of the transmission function in
these emerging infectious diseases may ultimately determine
whether a population experiences disease-induced extinction
(McCallum 2012), extinction dynamics will also be influenced
by how resistant (i.e. the ability of a host to reduce or elimi-
nate a pathogen conditional on exposure; Boots et al. 2009;
Medzhitov et al. 2012) and/or tolerant (i.e. the ability of a
host to persist with a pathogen load that is typically lethal for
non-tolerant individuals; Roy & Kirchner 2000; Medzhitov
et al. 2012) a host is to the pathogen. Therefore, when manag-
ing disease-induced declines and extinctions, it may be impor-
tant to manage not only for the transmission dynamics, but
also the level of host tolerance and resistance in a population
(Kilpatrick 2006; Langwig et al. 2015, 2017; Epstein et al.
2016). However, the conditions under which it might be more
effective to manage for resistance and tolerance instead of
transmission are currently unknown.
Understanding the relative importance of resistance and tol-

erance compared to transmission in driving extinction dynam-
ics has important implications for managing the emerging
amphibian disease chytridiomycosis. Chytridiomycosis is
caused by the amphibian chytrid fungus Batrachochytrium
dendrobatidis (Bd) and has resulted in widespread amphibian
declines and extinctions (Daszak et al. 2003; Skerratt et al.
2007). Bd is a cutaneous fungus that disrupts the osmoregula-
tory ability of amphibian skin, leading to the potentially fatal
disease chytridiomycosis (Voyles et al. 2007, 2009). While a
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number of transmission-related factors, including an environ-
mental pool of Bd zoospores and biotic reservoirs, are
hypothesised to contribute to disease-induced extinction of
amphibian populations (Rachowicz & Briggs 2007; Mitchell
et al. 2008; Briggs et al. 2010; McCallum 2012; Doddington
et al. 2013), few studies have attempted to quantify the trans-
mission function itself (but see Rachowicz & Briggs (2007)
and Bielby et al. (2015)). Quantifying the transmission func-
tion is important when considering disease-induced extinction
because it determines the ability of a pathogen to invade a
population as well as drive a host population extinct (De Cas-
tro & Bolker 2005; Gerber et al. 2005).
In addition to the transmission function, extinction dynam-

ics in amphibian-Bd systems also depend on the dynamics of
Bd load on an amphibian host (Briggs et al. 2010). Varying
Bd load dynamics among amphibian populations, potentially
induced by varying resistance and tolerance mechanisms, can
promote population-level persistence following epizootics
(Retallick et al. 2004; Briggs et al. 2010; Grogan et al. 2016;
Savage & Zamudio 2016). This variation in resistance and tol-
erance could be due to a number of different mechanisms
including innate and acquired immune responses (Ellison
et al. 2015), differences in host susceptibility (Knapp et al.
2016), variation in the amphibian microbiome (Harris et al.
2009; Jani & Briggs 2014), temperature-dependent Bd growth
(Forrest & Schlaepfer 2011; Knapp et al. 2011), and variable
virulence in Bd strains (Rosenblum et al. 2013; Jenkinson
et al. 2016). Load dynamics are important in Bd systems
because disease-induced mortality of amphibians is highly
load-dependent, with survival probability sometimes decreas-
ing rapidly at high Bd loads (Stockwell et al. 2010; Vreden-
burg et al. 2010). This attribute of load-dependent survival
leads to a simple, but largely untested hypothesis in host-
pathogen systems: host populations that are either able to pre-
vent large increases in pathogen load (via resistance mecha-
nisms) or tolerate high pathogen loads (via tolerance
mechanisms), will experience reduced disease-induced extinc-
tion risk, even when the transmission rate is high. This is a
general hypothesis for load-dependent wildlife diseases and
amphibian-Bd interactions provide an ideal system in which
to test it.
The above hypothesis can be phrased as the following ques-

tion: How important is transmission compared to host toler-
ance and resistance for mitigating disease-induced extinction?
Answering this question requires quantifying the transmission
function, something rarely done in amphibian-Bd systems
(Kilpatrick et al. 2010). Moreover, understanding the role of
this transmission function in the ability of Bd to invade an
amphibian population will be important for accurately under-
standing any subsequent Bd-induced extinctions (Gerber et al.
2005). Therefore, we also ask two additional questions: What
is the nature of the transmission function in amphibian-Bd
systems? How does this transmission function affect the abil-
ity of Bd to invade an amphibian population? We use a com-
bination of experiments and dynamical models to show that
empirical patterns of Bd transmission are best modelled using
an environmental Bd pool and that this pool significantly
increases the ability of Bd to invade a population and the
population-level extinction risk. However, despite this large

effect of the environmental pool, we show that host resistance
and tolerance are far more influential on Bd-induced extinc-
tion dynamics than transmission. This is likely a general prop-
erty of load-dependent diseases in which non-linear resistance
and/or tolerance functions interact such that managing for
resistance and tolerance can more effectively mitigate disease-
induced extinction than managing for transmission.

METHODS

To answer the questions posed above, we focused on Bd-
induced extinction dynamics in the mountain yellow-legged
frog complex (Rana muscosa and Rana sierrae, henceforth R.
muscosa). R. muscosa are native to California’s Sierra Nevada
mountains and have experienced significant Bd-induced popu-
lation declines and extinctions over the last four decades
(Briggs et al. 2005; Vredenburg et al. 2010; Briggs et al. 2010;
Knapp et al. 2016). Using this host-parasite system, the Meth-
ods section is organised as follows.
First, we used a laboratory experiment to quantify the well-

known importance of temperature-dependent Bd growth
dynamics on R. muscosa (Andre et al. 2008; Wilber et al.
2016). Second, we used a mesocosm experiment to quantify
the nature of the transmission function in the R. muscosa-Bd
system, testing for both density-dependent transmission, fre-
quency-dependent transmission, and transmission from an
environmental zoospore pool. Third, we used the results from
these experiments to build a discrete-time, host-parasite Inte-
gral Projection Model (IPM) and derived R0 with an environ-
mental zoospore pool. We used this result to explore the
effects of the zoospore pool on Bd invasion. Finally, to
answer our primary question regarding the relative impor-
tance of transmission compared to resistance and tolerance on
extinction risk, we extended our model to consist of a within-
year component in which Bd transmission and disease-induced
amphibian mortality occurred and a between-year component
in which R. muscosa demographic transitions occurred
(Fig. 1). Using this hybrid model, we explored the sensitivity
of Bd-induced extinction to transmission, resistance and toler-
ance.

Laboratory and mesocosm experiments

We used laboratory and mesocosm experiments to quantify
the temperature-dependent load dynamics and the transmis-
sion dynamics in the R. muscosa-Bd system. The laboratory
experiment is fully described in Wilber et al. (2016) and con-
sisted of 15 adult frogs housed at three different temperatures
(4, 12, 20 ∘C; 5 frogs per temperature). Wilber et al. (2016)
used this experiment to parameterise four functions relating to
Bd load dynamics: a load-dependent host survival function
and a temperature-dependent Bd growth function, loss of
infection function, and initial infection function
(Appendix Fig. S1, see Table 1 for function descriptions).
To quantify the nature of the transmission function in this

system, we performed a mesocosm experiment that consisted
of four different density treatments: 1, 4, 8 and 16 uninfected
adult frogs per mesocosm (volume � 1 m3). Each treatment
was replicated four times for a total of 16 mesocosms (see
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Appendix S1). In addition to the uninfected adults, each
mesocosm started with five infected tadpoles, which could
release Bd zoospores into the environment and subsequently
infected adults. All of the adults in a mesocosm were uniquely
identifiable by pit tags, but the five tadpoles were not. The
experiment ran for 74 days and every 4–8 days all adults and
tadpoles in a mesocosm were swabbed and the zoospore load
on each was determined using quantitative PCR (Boyle et al.
2004). Frogs and tadpoles within a mesocosm were always
swabbed on the same day.
To estimate the transmission function, we measured the

load transitions on all adult frogs from time t to t + Dt over
the first 32 days of the experiment (Dt = 4–8 days depending

on the time between swabs in the experiment). We only used
the first 32 days of the experiment as after this time point all
amphibians experienced an unexplained decline in zoospore
loads (see Appendix Fig. S2). However, because the load tra-
jectories over these first 32 days were consistent with other
experiments (e.g. Wilber et al. 2016) and transitions from
uninfected to infected tended to occur before day 32, we felt
confident in estimating transmission dynamics from only the
first 32 days. Moreover, we replicated the experiment in silico
to demonstrate that we could recover known transmission
functions over the first 32 days of the experiment
(Appendix S1). As transmission is the probability of an unin-
fected individual gaining an infection in a time step, we only
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Figure 1 (a) Diagram showing the temporal dynamics of the hybrid model of R. muscosa-Bd. Reproduction and demographic transitions occur once a year

in the spring (red dot and (c).). Disease dynamics are temperature-dependent and are updated every 3 days (vertical dashes and (b).) over the course of the

entire year. (b) The within-season dynamics of R. muscosa and Bd. (c) The between season demography of R. muscosa. Note that survival probability of

susceptible adults (SA), infected adults (IA) and Bd zoospores in the environmental pool (Z) is one because their survival probabilities are already

accounted for in the within-season model. (d) Representative trajectories of adult, tadpole and zoospore pool population sizes from the hybrid model with

a density-dependent transmission function and infection from a dynamic zoospore pool. Five stochastic trajectories are shown from the hybrid model

(coloured lines). The mean ln Bd load, conditional on infection, is also shown. Gaps in trajectories for the mean ln Bd load indicate that no infected

individuals were in the population at those time points.
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included transitions where Bd load was 0 at time t (n = 333).
If the load at time t + Dt was positive we assigned this data
point a value of 1 (infected) and if the load was still zero we
assigned it a value of 0 (uninfected).
Uninfected frogs can acquire Bd infection through contact

with other infected frogs and through contact with zoospores
in an environmental Bd pool (Courtois et al. 2017). To
account for these different pathways, we fit two sets of trans-
mission models to the data. The first set of models assumed a
constant level of infection from the zoospore pool and either
density-dependent or frequency-dependent transmission from
conspecifics (Table 2). The second set of models allowed
transmission to be a function of how many zoospores
were in the zoospore pool at time t in addition to either
density-dependent or frequency-dependent transmission. In
Appendix S1, we describe how we defined and fit our trans-
mission models with a dynamic zoospore pool. In short, we
used the transmission function /(t) = 1� exp (�K(Z(t), I(t))
Dt) and allowed for the zoospore pool Z(t) at time t to be an
unobserved, dynamic variable that lost zoospores due to envi-
ronmental decay and gained zoospores due to production
from infected adults and tadpoles at every time step. I(t) is
the number of infected adults at time t. Table 2 gives the
transmission functions and the resulting fits to the data from
the mesocosm experiment.

The host-parasite IPM and R0

The host-parasite IPM
Using the aforementioned laboratory and mesocosm experi-
ments, we parameterised a host-parasite Integral Projection
Model (IPM) where Bd load on an individual frog was the con-
tinuous trait being modelled (Fig. 1b; Metcalf et al. 2015; Wil-
ber et al. 2016). Bd load on a frog is estimated as the number of
copies of Bd DNA detected on standardised skin swabs via
quantitative PCR (Boyle et al. 2004) and provides a continuous
measure of infection intensity between 0 (uninfected) and an
arbitrarily large Bd infection. The IPM is a discrete time model
and here a single time step is three days. This time step is on the
same scale as the generation of time of Bd, which ranges
between 4–10 days depending on temperature (Piotrowski et al.
2004; Woodhams et al. 2008). We used the discrete-time IPM
because it is easily parameterised from laboratory data which is
collected at discrete time intervals.
This IPM tracks two discrete stages at time t: the density of

susceptible adults SA(t) in the population and the density of
zoospores in the environment Z(t). This model also tracks a
continuous, infected stage IA(x, t) where x is ln Bd load andRUx

Lx
IAðx; tÞdx gives the density of adult frogs with a ln Bd

load between a lower bound Lx and an upper bound Ux at
time t. This continuous, infected stage tracks the distribution
of Bd loads at any time t in the population.
Considering these discrete and continuous stages, the

amphibian-Bd IPM can be written as follows (Fig. 1b)

SAðtþ 1Þ ¼ SAðtÞs0ð1� /Þ þ
Z Ux

Lx

IAðx; tÞsðxÞlðxÞdx ð1Þ

IAðx0; t þ 1Þ ¼
Z Ux

Lx

IAðx; tÞsðxÞð1 � lðxÞÞGðx0; xÞdx
þ SAðtÞs0/G0ðx0Þ ð2Þ

Zðt þ 1Þ ¼ ZðtÞm þ lA

Z Ux

Lx

expðxÞIAðx; tÞdx� wðSAðtÞ;ZðtÞÞ

ð3Þ
SA(t + 1) describes the density of susceptible adults at time
t + 1 and is determined by the number of adults that survive
and do not become infected in a time step (first term in eqn 1)
and the number of infected adults that survive and lose their
infection in a time step (second term in eqn 1). IA(x

0
,t + 1)

describes the density of infected adults with a ln Bd load x
0
at

time t + 1 and is determined by infected adults who survive
with load x, do not lose their load x, and experience a change
in load from x to x

0
in a time step (first term in eqn 2) and

from uninfected adults who survive, become infected, and
gain an initial Bd load of x

0
in a time step (second term in

eqn 2). The vital rate functions contained in eqns 1–3 are
described in Fig. 1b and Table 1.
The equation Z(t + 1) gives the density of zoospores in the

zoospore pool at time t + 1. Z(t + 1) depends on three dis-
tinct terms: the survival probability of the zoospores in the
environment from time t to t + 1 (m), contribution of zoos-
pores from infected adults where lA is the proportion of total
zoospores on adults contributed to the zoospore pool over a
time step, and removal of zoospores from the zoospore pool
by frogs transitioning from uninfected to infected. This
removal term w(SA(t),Z(t)) had very little effect on the
dynamics of the system and we do not consider it further.
Based on the laboratory experiment described above and

known Bd life history (Woodhams et al. 2008), we allowed
various vital rate functions to be temperature-dependent (e.g.
the survival of free-living zoospores, Table 1,
Appendix Fig. S1).

R0 with an environmental reservoir
Using the IPM described in eqns 1–3, we calculated R0 to
quantify how temperature and the transmission dynamics
affected the ability of Bd to invade a R. muscosa population –
a necessary condition for Bd-induced population declines and
extinction. R0 describes the average number of secondary
infections produced over the lifetime of an average infected
agent (Diekmann et al. 1990; Dietz 1993). When R0 ≤1, a
pathogen cannot invade a fully susceptible host population.
When R0>1, a pathogen can invade a fully susceptible host
population with probability 1�(1/R0) (Gerber et al. 2005;
Allen 2015).
In Appendix S2 we show that, consistent with continuous-

time disease models (Rohani et al. 2009), R0 for discrete-time
IPMs with an environmental reservoir is composed of trans-
mission from host contact and the environment. We use this
result in combination with our fully parameterised host-para-
site IPM to calculate the temperature-dependent R0 for R.
muscosa-Bd systems with and without infection from the envi-
ronmental zoospore pool.
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The hybrid model

The model described by eqns 1–3 is sufficient to describe the
dynamics of an initial epizootic, but to examine Bd-induced
extinction dynamics in R. muscosa populations a number of
additions need to be made. We briefly describe the hybrid
model that accounts for the within-year Bd dynamics as well
as the between year demography of R. muscosa. Fig. 1 gives a
visual representation of the hybrid model and Appendix S3
gives a full description.
The within-year component (Fig. 1b.), is identical to the

IPM given in eqns 1–3 with the addition of three tadpole
stages. The tadpole stage of R. muscosa is likely important in
generating enzootic dynamics in R. muscosa populations
(Briggs et al. 2005, 2010). We assumed all tadpoles were
immediately infected with Bd and had a constant mean contri-
bution to the zoospore pool (Table 1). This is justified by the
observation that most tadpoles in R. muscosa populations
carry high fungal loads, even in enzootic populations (Briggs
et al. 2010). R. muscosa tadpole survival is not affected by Bd
infection. Therefore, the within-season dynamics of the tad-
pole stages were simply given by the probability of a tadpole
surviving from time t to t + 1. Infected tadpoles also con-
tributed to the zoospore pool at each time step (Fig. 1b).
R. muscosa populations also experience seasonal tempera-

ture fluctuations in which winter lake temperatures drop to c.
4 ∘C in the winter (in the unfrozen portion of a lake where the
frogs overwinter) and reach c.20 ∘C in the summer (Knapp
et al. 2011). We accounted for this seasonal variability by
imposing a deterministically fluctuating environment on the
R. muscosa-Bd IPM (Fig. 1a). At each discrete time point
within a season, a new temperature was calculated and the
temperature-dependent vital rate functions were updated
accordingly.
The between-year component of the hybrid model

accounted for yearly maturation and metamorphosis of the
tadpole stages as well as reproduction of adults (Fig. 1c). We
assumed that the recruitment of metamorphed tadpoles into
the adult stage was density-dependent and that all tadpoles
entered the adult stage as uninfected (i.e. all individuals are
infected as tadpoles, but lose their infection at metamorphosis,
Briggs et al. 2010). Because we have no empirical evidence for
Bd-induced fertility reduction in R. muscosa, we assumed that
reproduction in uninfected and infected adults was the same.

Simulating the hybrid model

After parameterising the hybrid model using the above experi-
ments, we used the model to make predictions about the
probability of disease-induced host extinctions. Because demo-
graphic stochasticity is important when predicting extinction
for small populations (Lande et al. 2003), we included it into
the hybrid model (Caswell 2001; Schreiber & Ross 2016). To
do this, we first discretised the within-season IPM using the
mid-point rule and 30 mesh points (Easterling et al. 2000) and
then determined the transition of an individual frog or zoos-
pore to another state (including death) as a draw from a
multinomial distribution with probabilities given by the discre-
tised hybrid model at that time step (Appendix S4). In

addition, we assumed that both the production of tadpoles
that occurs once a year in the spring and the number of zoos-
pores shed into the zoospore pool at each time step followed
a Poisson distribution (Appendix S4).
To answer our question regarding the importance of trans-

mission, resistance, and tolerance on Bd-induced extinction,
we performed two analyses. First, we examined how different
transmission functions parameterised from our mesocosm
experiment affected extinction risk. Using the three transmis-
sion functions with a dynamic zoospore pool described in
Table 2 and the parameter values given in Table 1, we per-
formed 500 stochastic simulations of the hybrid model to gen-
erate time-dependent extinction curves over a 25 year period.
All simulations were started with 10 uninfected adult frogs,
85 year-one tadpoles (T1), 12 year-two tadpoles (T2), and 3
year-three tadpoles (T3). The relative proportions of adult
frogs and tadpoles were assigned based on the stable stage
distribution in the Bd-free model. While the initial conditions
necessarily affect the absolute time to extinction, they do not
affect the shapes of the extinction curves for different trans-
mission functions relative to each other. All simulations
started in the winter at 4 ∘C, with reproduction occurring in
the first spring at 12 ∘C (Fig. 1a). Given our analysis of R0

in the previous section, we assumed that Bd could invade
with a probability of one, such that tadpoles were immedi-
ately infected with Bd and began contributing to the zoospore
pool Z(t) (see Appendix S4). For each simulation, we calcu-
lated time-dependent extinction curves as the mean probabil-
ity of going extinct in a given time step over all 500
simulations.
Second, we performed a sensitivity analysis on the

hybrid model to assess the relative importance of transmis-
sion compared to resistance and tolerance. Transmission
was determined by the parameters in the transmission
function /, resistance was determined by the parameters in
the growth function G(x

0
,x), the loss of infection function l

(x), and the initial infection burden function G0(x
0
), and

tolerance was determined by the parameters in the survival
function s(x). To perform the sensitivity analysis, we ran
1000 simulations using the parameter values given in
Table 1 and the initial conditions described above. For
each simulation we recorded whether or not a R. muscosa
population went extinct in ≤ 8 years, as this was where
extinction probability was c.50% with the default parame-
ter values.
On each run of the simulation we perturbed sixteen

lower-level transmission, resistance and tolerance parame-
ters by, for each parameter, drawing a random number
from a lognormal distribution with median 1 and disper-
sion parameter rsensitivity = 0.3 and multiplying the given
parameter by this random number (Sobie 2009). Our
results were robust to our choice of r and our method of
perturbation (Appendix Fig. S3). For each simulation, we
saved the perturbed parameter values and stored them in a
1000 by 16 parameter matrix. Upon completion of the
simulation, we used both regularised logistic regression and
a Random Forest classifier in which our response variable
was whether or not a given simulation went extinct and
our predictor variables were the scaled (i.e. z-transformed)
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matrix of perturbed predictors (Harper et al. 2011; Pedre-
gosa et al. 2011; Lee et al. 2013). Using this approach, we
could then identify the relative importance of each parame-
ter in the vital rate functions in predicting whether or not
extinction occurred (Sobie 2009). Moreover, we also built
a pruned regression tree to visualise the interactive effects
of transmission, resistance, and tolerance parameters on
host extinction risk (Harper et al. 2011). All the code nec-
essary to replicate the analyses is provided at https://
github.com/mqwilber/host_extinction.

RESULTS

Question 1: What is the structure of the transmission function?

Accounting for the dynamics of the environmental zoospore
pool resulted in significantly better transmission models
compared to those that did not. The transmission model
with density-dependent host to host transmission as well as
transmission from a dynamic zoospore pool was a better
model than all other transmission models considered
(Table 2). In addition to being a better model in terms of
WAIC, the density-dependent transmission model also cap-
tured the marginal pattern of increasing probability of
infection with increasing density of infected hosts
(Appendix Fig. S4).

Question 2: How does the transmission function affect the ability of

Bd to invade?

Using the temperature-dependent vital rate functions
described in Table 1 and the best-fitting density-dependent
transmission function with an environmental zoospore pool
(Table 2), we examined how host density and temperature
affected the ability of Bd to invade a R. muscosa population.
When transmission was density-dependent, but did not
depend on the environmental zoospore pool, Bd was able to
invade R. muscosa populations over a large range of densities
and temperatures, though there was a slight protective effect
of low temperatures and low densities (Fig. 2a). Including
transmission from the environmental zoospore pool substan-
tially increased the region in which Bd could invade and inva-
sion was highly probable for most temperatures and host
densities (Fig. 2b and c).

Question 3: How sensitive is disease-induced extinction to

transmission, resistance and tolerance?

The time-dependent probability of extinction was similar
between the three transmission functions that included a
dynamic zoospore pool (Appendix Fig. S5, Table 2). The sim-
ilarity between these curves was due to the overwhelming
influence of the infection probability from the zoospore pool,
which swamped out the well-known differences between fre-
quency-dependent and density-dependent transmission func-
tions. Drastically decreasing zoospore survival probability
below what has been observed in laboratory experiments
(Woodhams et al. 2008), led to an expected reduction in
extinction risk as the transmission probability then declined
with decreasing host density (given density-dependent trans-
mission, Appendix Fig. S5).
A sensitivity analysis of Bd-induced host extinction to

transmission, host resistance, and host tolerance showed
that, regardless of the transmission function used, R. mus-
cosa extinction was more sensitive to the parameters relating
to host resistance and tolerance than to parameters relating
to transmission (Fig. 3). In particular, the most important
parameter across all transmission functions was the slope of
the growth function b1,1, which is a parameter affecting host
resistance. For a given temperature, the logistic regression
analysis showed that decreasing this parameter, which
roughly corresponds to decreasing the mean Bd load on a
host for a given temperature, decreased the probability of
disease-induced extinction for all transmission functions
(Fig. 3a–c). Bd-induced R. muscosa extinction was also sen-
sitive to the parameters of the survival function, particularly
the intercept of the survival function b0,0. This parameter
can be thought of as the threshold at which Bd-induced
mortality begins to occur given a fixed slope in the survival
function. The logistic regression analysis showed that
increasing this parameter, which corresponds to increasing
the threshold at which R. muscosa begins to suffer load-
dependent Bd mortality, decreased the probability of extinc-
tion (Fig. 3a–c).
Resistance and tolerance parameters also showed significant

interactions when affecting host extinction risk. Random for-
ests and pruned regression trees showed the importance of the
slope of the growth function as well as the importance of
the interaction between this parameter and the intercept of

Table 2 The results of fitting transmission functions of the form /=1� exp (�K) to the R. muscosa-Bd mesocosm experiment. I is the total number of

infected adults in a mesocosm at the beginning of a time interval, A is the total number of adults in a tank, Z is the number of zoospores in the mesocosm

at the beginning of the time interval as estimated from a latent zoospore pool model (Appendix S1), and Dt is the time between swabbing events in the

experiment (between 4 and 8 days). All b parameters had a half-Cauchy prior from 0 to ∞ with scale parameter equal to 1. Models with lower WAICs

and higher weights are better models. The bold value indicates the lowest WAIC.

Name Function Parameters WAIC (weight)

Constant zoospore pool K = (b0)Dt b0 = 8.07 9 10�2 day�1 401.1 (0)

Density-dependent w/ constant zoospore pool K = (b0+b1I)Dt b0 = 4.18 9 10�2, b1 = 5.25 9 10�2 336.7 (0)

Frequency-dependent w/ constant zoospore pool K ¼ ðb0 þ b1
I
AÞDt b0 = 4.28 9 10�2, b1 = 0.551 336.6 (0)

Dynamic zoospore pool K = (b0 ln (Z + 1))Dt b0 = 1.09 9 10�2 345.32 (0)

Density-dependent w/ dynamic zoospore pool K = (b0 ln (Z + 1)+b1I)Dt b0 = 5.29 9 10�3, b1 = 7.52 9 10�2
301.18 (0.99)

Frequency-dependent w/ dynamic zoospore pool K ¼ ðb0 lnðZþ 1Þ þ b1
I
AÞDt b0 = 5.77 9 10�3, b1 = 0.627 311.06 (0.01)
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the survival function (a tolerance parameter) and the tempera-
ture-dependency in the growth function (a resistance parame-
ter) (Fig. 3a–c; Appendix Fig. S6a–c).

DISCUSSION

Wildlife conservation in the face of disease emphasises the
importance of the transmission function in extinction risk
(McCallum 2012). This is a reasonable emphasis as the trans-
mission function is ultimately the most important aspect of
disease-induced extinction: if a host does not get infected with
a disease it will not suffer disease-induced mortality. In
amphibian-Bd systems it has been hypothesised that both
amphibian density and an environmental pool of zoospores
can affect transmission (Rachowicz & Briggs 2007; Briggs
et al. 2010; Courtois et al. 2017), but the nature of this trans-
mission has rarely been quantified. We experimentally quanti-
fied the transmission function in the R. muscosa-Bd system
and used these results, in combination with a dynamic model,
to predict how the environmental zoospore reservoir affected
the ability of Bd to invade an amphibian population. Consis-
tent with previous theory (Godfray et al. 1999; Rohani et al.
2009), we found that including an environmental zoospore
pool substantially increased R0 for R. muscosa-Bd systems,

such that Bd was able to invade a R. muscosa population for
most realistic temperatures and host densities. To the best of
our knowledge, this is the first estimation of R0 in an amphib-
ian-Bd system (but see Woodhams et al. 2011, for a discus-
sion of R0 in amphibian-Bd systems), and the large value of
R0 across all temperatures and densities is consistent with field
observations that temperature and density have little protec-
tive effect in the R. muscosa/sierrae system (Knapp et al.
2011, R. A. Knapp et al., unpublished). These results suggest
that attempting to prevent Bd invasion into a system may be
largely futile and management should be focused on mitigat-
ing post-invasion Bd impacts (Langwig et al. 2015).
Conditional on Bd invasion, we used our parameterised

model to explore the importance of the transmission function
on Bd-induced amphibian extinction and found that the
extinction dynamics were similar between all transmission
models with a dynamic zoospore pool. This was due to the
large number of zoospores shed by infected amphibians com-
bined with the laboratory-estimated decay rate of zoospores
outside the host, leading to a zoospore pool that remained
large even for rapidly declining host populations (Fig. 1d).
Only considering this result, we would then expect R. muscosa
populations to be at substantial risk of disease-induced extinc-
tion given that the persisting zoospore pool prevents a
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Figure 2 R0 and the invasion probability of Bd (1� 1
R0
) for different temperatures and host densities with and without an environmental zoospore pool.

This calculation of R0 uses the parameters given in Table 1 and the ‘Density dependent w/ dynamic zoospore pool’ transmission function in Table 2. While

R0 will inevitably decrease without transmission from a zoospore pool (i.e. when b0=0; see Appendix S2), the magnitude of that decrease depends on the

estimated transmission coefficient from the zoospore pool. (a) Gives the invasion probability of Bd. The dashed, vertical lines in a. correspond to the

curves shown in (b), where ln (R0) is plotted against initial adult density when temperature is 15 ∘C. The solid, horizontal lines in a. correspond to the

curves shown in (c) where ln (R0) is plotted against temperature when initial adult density is four adults per m3. The grey regions give the 95% credible

intervals. The dashed lines in (b) and (c) correspond to R0 = 1 (ln (R0) = 0), below which Bd cannot invade.

© 2017 John Wiley & Sons Ltd/CNRS

1176 M. Q. Wilber et al. Letter



decrease in transmission rate with declining host density
(Anderson & May 1981; Godfray et al. 1999; De Castro &
Bolker 2005). This finding is consistent with a number of
other studies that have found that the dynamics of the Bd
zoospore pool are critical for determining Bd-induced
amphibian extinctions (Mitchell et al. 2008; Briggs et al. 2010;
Doddington et al. 2013). If abiotic or biotic factors such as
temperature, stream flow, water chemistry, and/or zoospore
consumption by aquatic organisms are able to substantially
increase zoospore death rate beyond the values seen in the lab
(Tunstall 2012; Strauss & Smith 2013; Venesky et al. 2013;
Heard et al. 2014; Schmeller et al. 2014), then we might
expect a reduction, though not an elimination, of Bd invasion
probability and amphibian extinction risk.
However, considering only the transmission function

ignores the fact that, conditional on infection, increasing
resistance or tolerance to a disease can also reduce disease-
induced mortality and thus provide alternative mechanisms
by which to manage disease-induced extinction risk (Kil-
patrick 2006; Vander Wal et al. 2014; Langwig et al. 2015).
Using our model, we found that Bd-induced extinction risk
was far more sensitive to host resistance and tolerance than
to the transmission dynamics of Bd. In particular, extinction
risk of R. muscosa populations was most sensitive to the vital

rate functions dictating the growth rate of Bd on a host, the
load-dependent survival probability, and the interaction
between these two functions.
This result highlights the importance of accounting for the

load-dependent nature of vital rate functions when consider-
ing extinction risk in load-dependent diseases such as chytrid-
iomycosis. In this study, consistent with results observed in
the field (Vredenburg et al. 2010), the survival function of Bd
was strongly non-linear such that above �9 ln zoospores
=8103 zoospores the survival probability of R. muscosa
rapidly declined (Appendix Fig. S1b). When the survival
function is load-dependent and highly non-linear, as observed
in some amphibian-Bd systems (Stockwell et al. 2010; Vre-
denburg et al. 2010, but see Clare et al. 2016), small changes
in host resistance or tolerance can lead to abrupt changes in
survival probability. In particular, non-linearities in the sur-
vival function (i.e. tolerance) need to be considered in the
context of the shape of the growth function (i.e. resistance) of
a parasite on its host.
To illustrate the generality of this result, consider the fol-

lowing graphical argument. Take a pathogen growth function
(G(x

0
, x)) that predicts a static mean pathogen load near the

threshold at which the survival function predicts a drastic
decrease in survival probability (Fig. 4, i.e. a non-linear dose-

Tolerance
parameters

Resistance
parameters

Transmission
parameters

(a)

(b)

(c)

Figure 3 (a–c) The sensitivity of R. muscosa extinction probability to parameters dictating transmission, resistance and tolerance of Bd for the three

transmission functions used in the hybrid model. The dark grey bars give the weights of the various parameters when logistic regression is used to classify

whether or not a simulation trajectory experienced extinction. The absolute height of the bar shows the relative importance of that parameter and the

direction specifies what happens to the extinction probability when that parameter is increased. For example, increasing the G(x
0
,x) parameter b1,1 increases

the probability of extinction. The light grey bars give the relative importances of each parameter in predicting the extinction of a simulation when a

Random Forest classifier was used to account the interactions between parameters on extinction probability. These values are all between zero and one and

the height of a bar indicates the relative importance of a transmission, resistance, or tolerance parameter.
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response curve; Dwyer et al. 1997; Handel & Rohani 2015;
Louie et al. 2016). Slightly shifting the slope (or the intercept)
of the growth function (i.e. changing resistance) up or down
will increase or decrease the static mean pathogen load and
move a host into the region of the survival curve where either
mortality or survival is almost certain (Fig. 4). Similarly, hold-
ing the growth function constant and altering the survival func-
tion (i.e. changing tolerance) will change how close the static
mean pathogen load is to the survival function threshold
(Fig. 4). This suggests that identifying how the growth function
of a pathogen changes in resistant host populations, whether by
decreasing the slope, decreasing the intercept or by transition-
ing from a linear to a non-linear function (Langwig et al. 2017),
is important for understanding the sensitivity of extinction risk
to both the growth function (resistance) and the survival func-
tion (tolerance). Identifying whether or not a disease system
shows this strong interaction between resistance and tolerance
can help determine whether disease mitigation should focus on
reducing parasite loads via strategies such as inducing acquired
immunity, microbial treatments, or selecting for resistance
(Harris et al. 2009; Langwig et al. 2015) or decreasing parasite
transmission via strategies such as culling and/or treating the
disease reservoir (Cleaveland et al. 2001).
The importance of host resistance and tolerance for our

model’s predictions of disease-induced extinction indicates
that these host strategies could promote population persis-
tence in R. muscosa-Bd populations, as they have in other

species of amphibians suffering from chytridiomycosis, bats
suffering from white-nose syndrome, and Tasmanian devils
suffering from facial tumour disease (Hoyt et al. 2016; Savage
& Zamudio 2016; Epstein et al. 2016; Langwig et al. 2017). In
fact, a recent study showed that many populations of R. sier-
rae that experienced Bd-induced population declines over the
last four decades are recovering in the presence of Bd, but
with reduced Bd loads relative to naive populations (Knapp
et al. 2016). This result is consistent with resistance mecha-
nisms reducing Bd load and thus increasing host survival
probability. While changes in resistance mechanisms, and not
tolerance mechanisms, are putatively responsible for persis-
tence in a number of load-dependent diseases (Savage &
Zamudio 2011; Epstein et al. 2016; Langwig et al. 2017), our
results show that the shape of the tolerance function is critical
for understanding the effects of resistance on host persistence
(Fig. 4). An important future direction will be to explore how
heterogeneities in host resistance, tolerance, and/or transmis-
sion functions can promote host persistence (Boots et al.
2009; Langwig et al. 2015; Brunner et al. 2017).
While our study suggests that an interaction between resis-

tance and tolerance promotes population persistence in R.
musocsa-Bd populations, additional mechanisms that we do not
consider here are likely important in other amphibian-Bd sys-
tems. For example, laboratory studies have shown that Bd can
evolve increased or reduced virulence in as few as 50 genera-
tions (less than one year, Langhammer et al. 2013; Voyles et al.
2014; Refsnider et al. 2015). If Bd virulence attenuates over the
course of an epizootic, these changes could augment host per-
sistence, without any changes in host resistance or tolerance. In
reality, the evolution of both the pathogen and the host affects
population persistence (Vander Wal et al. 2014) and developing
load-dependent models that incorporate both of these processes
is an open challenge in wildlife epidemiology.
The emergence of a number of diseases of conservation con-

cern have highlighted the importance of considering disease-
induced extinction in the context of load-dependent parasite
dynamics. We show that simultaneously considering transmis-
sion, resistance, and tolerance, in conjunction with load-
dependent dynamics, provides novel insight regarding how to
best manage emerging infectious diseases.
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