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Summary

1. The need to increase our understanding of factors that regulate animal population dynamics has
been catalysed by recent, observed declines in wildlife populations worldwide. Reliable estimates of
demographic parameters are critical for addressing basic and applied ecological questions and
understanding the response of parameters to perturbations (c.g. disease, habitat Joss, climate
change). However, to fully assess the impact of perturbation on population dvnamics, all parame-
ters contributing to the response of the target population must be estimated.

2. We applied the reverse-time model of Pradel in Program mark to 6 years of capture-recapture
data [rom two populations of Anaxyrus boreas (boreal toad) populations, one with disease and onc
without. We then assessed a priori hypotheses about differences in survival and recruitment relative
to local environmental conditions and the presence of disease.

3. We further explored Lhe relative contribution of survival probability and recruitment rate to pop-
ulation growth and investigated how shifls in these parameters can alter population dynamics when
a population is perturbed.

4. High recruitment rates (0-41) are probably compensating for low survival probability (range
0-51-0-54) in the population challenged by an emerging pathogen, resulting in a relatively slow rate
of decline. In contrast, the population with no evidence of discase had high survival probability
(range 0-75-0-78) but lower recruitment rates (0-25).

5. Synthesis and applications. We suggest that the relationship between survival and recruitment
may be compensatory, providing evidence that populations challenged with discase are not neces-
sarily doomed to extinclion. A better understanding of these interactions may help to explain, and
be used to predict, population regulation and persistence for wildlife threatened with disease.
Further, reliable estimates of population parameters such as recruitment and survival can guide the
formulation and implementation of conservation actions such as repatriations or habitat manage-
ment aimed to improve recruitment.

Key-words: amphibian decline, Batrachochyvirivm dendrobatidis, boreal load, disease, host—
pathogen dynamics, reverse-time Pradel model, United States

Introduction

Achieving an understanding of the imnediate and the evolu-
tionary responses of animal populations to perturbation
depends on an appreciation of how demographic parameters
interact and how they are affected by extrinsic [actors, Survival
receives the majority of attention in demographic studies, but
other parameters such as recruitment can bave significant
influence on population dynamics. To fully assess the impact

*Correspondence author. E-mail: erin_muthsi« usgs.gov

of perturbation on population dyuamics, studies must
consider. and quautilv, all parameters contributing to the
response of the target population.

Emerging infectious disease is a perturbation that is increas-
ingly named as a factor imfluencing human and wildlife popula-
tions (Daszak, Cunningham & Hyatt 2000; Reperant 2010).
Disease can affect population demography {e.g. Lachish,
MecCallum & Jones 2009), population persistence {Woodworth
et af, 2005), and potentially, organismal life histores (e.g.
Choisy & Rohani 2006). Coneern has escalated because of
evidence for interactions between disease and environmental
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stressors {(e.g. contaminants, habitat alteration and climate
change) and changes in epidemiology (i.e. human-facilitated
spread of disease). A better understanding of the role of discase
in wildlife population dynamies is needed urgently given the
onslaught of emerging and infectious diseases worldwide (Das-
zak, Cunningham & Hyatt 2000; Oli et af. 2006).

There is empirical evidence thal emerging diseases affect
wildlife population dynamics and increase the risk of extine-
tion in a variely of taxonomic groups: White-nose syndrome in
bats caused by the fungus Geomyces destructans (Wibbelt ef al.
2010). facial tumour disease in Tasmanian devils Sercophiluy
harrisii (Lachish, McCallum & Joncs 2009), conjunctivitis in
house finches Carpodacus mexicanus caused by Mycoplusma
gallisepticum (Dhondl er af, 2005), upper respiratory disease in
gopher lortoises Gopherus polyphenus caused by Mycoplasma
agassizii (Ozgul er al. 2009) and chytridiomycosis caused hy
the fungus Barrachochytrivm dendrobatidis (Bd) in amphihians
(c.g.Vredenburg er af. 2010). Despite the clear link between
emerging diseases and population persistence, in sifu quantita-
tive studies on the effects of disease on survival in wildlife pop-
ulations are rare (but see Briggs ez al. 2005; Lachish,
McCallum & Jones 2009; Murray et af. 2009; Ozgul er al.
2009; Spencer & Janzen 2010) and few studies have explored
relationships among demograpbic parameters to clarily how a
disease is affecting a population.

Chytridiomycosis provides an example of a wildlife disease
receiving considerable attention but lacking strong quantifica-
tion of its effects on population demography in the wild. Bd is
a pathogen impacting ampbibian populations worldwide (e.g.
Skerratt er af, 2007). The effects of Bd vary by amphibian spe-
cies and by population, in some causing catastrophic extirpa-
tions and declines (e.g. Ryan, Lips & Eichholz 2008) and in
olhers having minimal cflects resulting in apparent coexistence
(e.g. Retallick. McCallum & Speare 2004; Brigegs ¢r al. 20053;
Pilliod ef af. 2010). The profusion of research on this wildlife
disease (at least 254 original research papers published since its
discovery in 1997: Web of Science search on Batrachochytrivm
dendrobatidis) provides an excellent basc of knowledge to
develop and test hypotheses about the immediate eflects of dis-
ease on demographic parameters and population dynamics.
This opportunity is limely. Advances in molecular techniques
now allow more accurate ficld assessments of discase presence
and prevalence, providing opportunities to explore extrinsic
factors affecting population dynamics. Advances in the analyt-
ical aspects of mark -recapturc methodology have replaced tra-
ditional ad hoc measures (e.g. return rates) with models that
account for imperfect detection and allow cstimation of a
broad range of demographic parameters.

Using advances in both ficlds. we assessed the popula-
tion-level cflects of Bd on a population of wild bnfonids
Anaxyrus boreas in western North America. In amphibi-
ans, thbe number of adults (reproductively mature individu-
als) at a breeding pond in a particular breeding season is
a function of: (i) the number of aduits that survived from
the previous year and returned to breed, and (ii) the num-
ber of adults recruited into the population since the previ-
ous breeding season. Previous studies have cvaluated the

effect of Bd on the survival probability of adult amphibi-
ans (Murray et al. 2009; Briggs, Knapp & Vredenburg
2010; Pilliod eral. 2010). However, they have not esli-
mated recruitment rates in populations infected by Bd. We
assessed survival and recruitment as a way to evaluate
population growth and persistenee (e.g. Schmidt, Feldmann
& Schaub 2005) and, in an approaeh that is atypical in
wildlife disease studies, we compared demographie csti-
mates from a disecased population to demographic csti-
mates from a reference population that lacked evidence of
discase in the same region. These components were also
cxamined in relation to potential inleractions with site-level
cnvironmental covariates.

Materials and methods

We collected capture recapture data from male boreal toads in two
populations, one in Coloradoe [Denny Creek (IDC)] and. one in
Wyoming [Blackrock (BR)]. The disease status ol ¢ach population
was based on PCR testing of > 100 individuals per site over 6 years
(2003 2008, Table 2), vielding one population positive for disease
(BR, elevation 2082 m, latitude = 43-8°) and one population nega-
tive for diseage (DC. elevation 3360 m, latitude = 38-8°). Both popu-
lations are in typical rocky mountain habitat dominated by willow
Salix planifolia, bog birch Betula glandulosa, aspen Poputus tremudo-
ides and evergreen trees (e.g. Picea englemanii, Abies lasiocarpa) and
are simmlar ecologically. In the Rocky Mountains, toad populations
at higher latitudes are found at lower clevations, and vice versa
(Muths, Pilliod & Livo 2008) such that differences because of eleva-
tion (DC > BR) are partially balanced by differences in latitude
(BR > DC). Naive prevalence was determined by dividing the

Table 1. The hypotheses of spatial and temporal vanation in survival
probability (®) and recruitment rate (/) along with their associated
model names

Hypothesis Model name
Survival models
@ decreases as prevalence

(PREY) increases in the
Batrachochytrium
dendrobatidis (Bd)-positive
population while survival
remains constant in the
Bd-negative population

® (PREY + POP)

@ is lower in the Bd-positive
population (BR) than in the
Bd-negative population (DC)

@ (SITE)

@ (TMAX*POP)
® (KFdays*POP}

@ is positively related 1o
TMAX/KFdays in the
Bd-positive population, and
the relationship is different in
the Bd-ncpative population

O is constant o ()

Recruitment models
/is lower in the Bd-positive
population (BR) than at the
Bid-negative population (DC)
/ is the same bevween ¥(8]
populations

J(POP)
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number of Bd-positive individuals by the number of individuals
tested. The accuracy of this estimate depends on a constant detection
probability for both discased and un-diseased individuals, an unlikely
case (Le. we suspect that diseased individuals are less likely to be
detected because die-ofl events for this species are rarely observed).
Thus. our prevalence estimate is likely to be low (Table 2). Animals
were cuplured by hand, at night during the breeding season. Early
season monitoring was problematic because sites were remote; there-
fore, we defined the breeding season as | week prior to the first obser-
vation of a toad plus 28 days after that observation (for details see
Pilliod et «f. 2010). We used the reverse-time model of Pradel (Wil-
liams, Nichols & Conroy 2002) in Program sark (White & Burnham
1999) to analyse the capture recaplure data. Although we collected
data for males and females, data on females were too sparse to be
used in the analysis. Furthermore. female toads tend to show
Markovian breeding probabilities (Muths. Scherer & Lambert 2010}
which can cause bias 1n estimates of parameters in the Pradel model
(Williams. Nichols & Conroy 2002; Schmidt. Feldmann & Schaub
2005). We used the parameterization of the Pradel model that con-
tained the following parameters: apparent survival probability (®),
recruitment rate (f) and eapture probability (7} Lo clucidate the effects
ol Bd on @ and fat the population level. In this model. the survival
parameter, @, is ‘apparent” because permanent emigration cannot be
distinguished from death. However, permanent emigration in male
boreal toads appears to be low (Muths ef al. 2006); therefore, we con-
sider @ to represent true survival. Recruitment is the per capita num-
ber of individuals added to a breeding population each year (i.e. new
breeders whether (rom i situ reproduction or immigration rom
other populations). In this study, as is olten the casc for bufonids,
recruitment is not equivalent to reproduction because some animals
spend multiple years as sexually immature juveniles prior Lo entering
the breeding population (Schmidt. Feldmann & Schaub 2003). Cap-
ture probability, p. is defined as the probability that a marked individ-
ual in the population is captured dnring a particular sampling period.
Adequate modelling of capture probability is necessary o avoid
unnecessary bias and imprecision in estimates of survival probability
and recruitment rate (Lebreton ef af. 1992).

We developed a set of hypotheses regarding causes of the spatial
{(i.e. between paopulations) and temporal variation in the model
parameters. For survival probability, @, we evaluated three general
a priori hypotheses: (i) as the naive prevalence of B4 m a population
increascs. @ decreases, (it) @ is lower in the Bd-positive population
(BR) vs. the Bd-negative population (DC) and (i) the Bd-positive
and Bd-negative populations are affected differently by environmen-
tal conditions (Table 1). We hypothesized relationships between @
and two environmental covariates related to temperature because ear-
lier studies highlight the importance of temperature in the Bd host
interaction (Muths, Pilliod & Livo 2008; Kilpatrick, Brigas & Daszak
2010). Average daily maximum air temperature (TMAX) represents a
heat-related condition and the potential for amphibians to clear
themselves of the disease behaviourally (Richards-Zawacki 2009).
Therefore. we hypothesized that ® would be positively associated
with TMAX in the Bd-positive population but would have a different
relutionship lo TMAX in the Bd-negative population. We detined
TMAX as the temperature during the active season of July and
August, the hottest months at the sites and the months after the

breeding scason in which toads were most active. The number of

killing frost days during the breeding scason (KFdays) represents a
cold-related stressor and the potential for cold to limit growth and
reproduction of Bd (i.e. fungal growth slows below 4 °C, Piotrowski.
Anmnis & Longeore 2004). Therefore, we hypothesized that @ would
be positively associated with KFdays in the Bd-positive population
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Table 2. For the Batrachochyirium dendrobaiidis  (Bd)-positive
population (BR) and the Bd-negative population (DC): number of
male toads caprured: probability of capture {p); prevalence | (number
of animals testing Bd-positive/no. of ammals testing positive in
previous years; this value is biased high because it includes animals
that were targeted for testing because of previous positive results);
prevalence 2 (number of animals testing Bd-positive/no. of animals
tested: this value does not include animals that were targeted, ie. it is
a random sample from the captured population. hut suffers [rom low
sample numbers). The prevalence 2 data were used to derive the
values for prevalence in the text

No. of Capture No.

animals probability tested Prevalence Prevalence
Site caught  (95% CI) for Bd ) 2
BR
2003 259 090 (047 0-99) 28 043 043
2004 249 0-47 (035-0-60) 41 0-41 0-39
2005 266 42 031 035y 6 0-83 0
2006 216 0-51 (0-37-0-64) 28 0-57 0-36
2007 239 0-50 (0-34-0-65) 4 05 0
2008 170 032 (0-19-0-48) 22 045 045
DnC
2003 i4s 041 (0-30-0-53) 14 0 0
2004 80 (42 (033 0-52) 24 0 0
2005 71 049 (039 -0-60) 25 0 v}
2006 88 044 (0:34 0-34) 37 0 0
2007 86 51 (037 0:65) 13 0 0
2008 55 0 ¢

0:39 (025-0-55) 10

and have a different relationship to KFdays in the Bd-ncgative
population.

Woe also evaluated two hypotheses for recruitment rate (f): (1) fis
lower al the Bd-positive site, based on laboratory studies that repor(
that Bd affects survival negatively in all post-metamorphic life stages
of boreal toads (Carey ef al. 2006; Murphy er a/. 2009) such that
there may be fewer juveniles to be recruited into the breeding popula-
tion. and (i1) /'is constant between the two populations (Table 1). We
did not assess environmental covariates in relation Lo recruitment

becanse each amphibian life stage that contributes to recruitment dif-
fers dramaucally 1n its response to temperature and the inclusion of
appropriately time-lagged covartates would have compheated (he
model seL.

Finally, we assessed six hypotheses for p: (1) p constant [null model.
pUY: (i) 7 varies across vears only [p(time)), (1) p varies between pop-
ulations only [p(POP)]. (iv) p varies across years and between popula-
tions [p(POP*time}], (v) p is higher in years with Ingher temperatures
during sampling occasions. (vi) p is higher in years with higher tem-
peratures during sampling occasions, but the relationship differs
between DC and BR (i.c. an interaction between temperature and
population). For cach parameter, we expressed the hypotheses as
mathemartical inodels (Table 1) and fit every possible combinaton off
the models of @, f and p to the capture recapture data.

Swength of evidence for each model was quantified using the differ-
cuce in QAIC, of model i and the QAIC, of the top model. A, and
Akatke weights, wxz we used the information criterion. QAIC..
because of the evidence of overdispersion in the data (Burnham &
Anderson 2002). We used model averaging to derive estimates of alt
parameters (Burnham & Anderson 2002). The rate of population
growth (%) for each population was estimated as a derived parameter
using Program smark (White & Burnham 1999; Williams, Nichols &
Conroy 2002). Because we hypothesized that @ and f'would be lower
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in the Bd-positive population, we expected estimates of A from the
BR population to be much smaller

Results

Over 6 years, we captured over 2000 male toads and tested
over 250 for Bd. When averaged across years. prevalence was
27% at BR vs. 0% at DC (Table 2). A poodness-ol-fit test is
not available for the Pradel model but previous analyses using
these data (Pilliod et ol. 2010) indicated moderate over disper-
sion (¢ = 1.75). We used the same ¢ value in this analysis. We
also ran the analysis using ¢ of 1-00 and 2-50 and observed only
minor ehanges in ithe model sclection results and estimates of
variance. Capture probability {p) varied across years and
between populations such that the Lop eight models included
an interactive effect of population and time in the structure on
. We found little evidenee of a relationship hetween p and tem-
perature. The highest ranked model that ineluded this relation-
shiphad A; > 12:0and w; < 0:01.

There was strong evidence that @ varied between popula-
tions and was compromised by the presence of Bd (Table 2
and Fig. 1). Specifically, @ in the Bd-negative (DC) population
was 077, whereas it was 0-52 in the Bd-positive (BR) popula-
tion. An effect of population was present in the top six models
(Table 3). and the estimate of the regression coefficient from
the top model indicated higher survival probability in the Bd-
negative population. DC [/}DC = 111 (95% CL 0-63-1-58)].
There was also evidence that the effect of TMAX on ® varied
between populations. Estimates of regression coefficients from
the second- and sixth-ranked model indicated that increases in
TMAX were associated with decreases in @ at BR
Brmaxesr = =129 (95% CI: =33 to 7:3)] but were associated
with inereases in @ at DC [fryaxane = 40 (95% CI: =243 to
104-3)]. These estimates were not consistent with our predie-
tions (Table 1). There was little evidence for a relationship

Population growlh rate (L)

DC’BR

DC|8R

T

2005 2008 2007

Fig. 1. Lambda, or rate of change in population size (&) is composed
of two parts. survival (open area of bars) and reeruitment (solid area
of bars). Values > | indicate growth and values < | indicaie decline,
error bars show 95% conlfidence interval of 4. Although survival is
higher iu the Batrachochytrivm dendrobatidis (Bd)-negative popula-
tion (DC), recruitment is higher in the Bd-positive population, thns
probably compensating for reduced survival.

Table 3. Top six models of survival probability (d), recruitment rale
(/) and capture probability (p).The model structure for p is not
shown. because it was the same across all six models [p(POP*time)]

Model
no. Model name QAIC, A, w, Kk QDeviance

4269-80 0-00 048 16 10217

[ {® (POP), (POP)}

2 (@ (TMAX*POP). 4271-38 1-58 022 18 9967
fIPOP)}

3 {® (PREV + POP),  4271-68 188 0:19 17 102:00
f(POP)}

4 {® (KFdays*POP), 427367 387 007 18 101:96
JSPOP)}

5 {® (POP) f1.)} 27628 648 002 15 11068
6 {® (TMAX*POP), f.)} 427745 765 001 17 10778

A, = AQAIC, of model i, w, = Akaike weight of model i,
k = number of parameters, QDeviance = -2 log likelihood/c.
POP denotes population (Bd-posilive vs. Bd-negative), PREY
denotes prevalence. See (ext for descriptions of covariates TMAX
and KFdays.

between survival probability and KFdays or prevalence in
either population. While models that ineluded these covariates
were supported by the data (A, < 2; Table 3), estimates of the
regression coefficients in both cases were imprecise and clearly
overlapped zero. precluding strong inference about these rela-
tionships.

The model selection results indieated strong support for dif-
ferential recruitment between the two populations [the top four
models all indicated an effect of population on recruitment rate
(Table 3)]. Contrary (o what we predicted, recruitment rates
were higher in the Bd-positive population; recruitment rates
were estimated as 0441 (95% CI: 0-33-0-50) and 0-25 (95% CI:
0-17-0:68) for BR and DC, respectively (Fig. I).

The popnlation growth rates indicate very different fales for
the two populations. At BR, the rate was consistently <,
indicating a declining population, and at DC, the rate was
consistently > | indicating an increasing population (Fig. 1).

Discussion

Although our study has limited inference, it offers important
information on potential mechanisms underlying the dynamics
of populations challenged by discase and how they may
respond Lo perturbation. As predicted, survival rates were
higher in the Bd-negative (77%, DC), eompared to the
Bd-positive (52%, BR), population. Previous work shows simi-
lar survival rates for male and female boreal toads (Scherer,
Muths & Lambert 2008; Muths, Scherer & Lambert 2010),
such that results from Lhis study {male data only) may be appli-
cable to other boreal toad populations.

Based on the following lines of evidence, we expected the rel-
atively low survival probability of toads in the infected popula-
tion to depress population growth (). First, boreal toads are
long-lived (i.e. they have high survival rates once they attain
adulthood; Muths & Nanjappa 2005), and thus. the death of
sexually mature individuals should have eonsequences for
population growth. Long-lived species typically have ‘slow” life
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histories characterized by delayed maturity and high survival,
and thus, population growth (i.e. resiliency) is often heavily
influenced by adult survival (Musick 1999; Sether & Bakke
2000; Vonesh & De la Cruz 2002; Spencer & Janzen 2010). This
pattern has been tllustrated specifically for boreal toads (Bick
et al. 2002). However, the X estimates for the Bd-positive popu-
lation (3-11% annual decline) were not as low as would be
expected when examining the survival rates alone, suggesting
that another parameter may be compensating {or the low sur-
vival rates at BR. We provide evidence {or higher rates of
recruitment at BR than at DC such that estimates of A in the
Bd-positive population approach estimates of % in the Bd-neg-
ative population (FFig. 1).

Qur data indicate high recruitment rates compensate for low
survival at BR such that the population is able to persist. rather
than showing (he catastrophic declines reported in other popu-
lations challenged by Bd. At DC, where recruitment is contrib-
uting relatively little to the persistence of Lhe population, the
data suggest that if challenged by disease and a resulting decline
in adult survival. persistence would depend on an upward shilt
in recruitment rate. Simple geometric growth models, while not
formal population viability analyses, can offer additional
insight into our results. These models indicate a slow decline in
the Bd-positive population (BR) (Fig. 2). Interestingly, if the
recruiliment rate from the Bd-negative population (DC) was
substiluted for / in modelling the population growth rate at
BR, the BR population went extinct ( <2 individuals) within
20 years compared (o persistence beyond 40 years at the cur-
rent / (Fig. 2). highlighting the importance of recruitment in
this systern.

We present this idea of compensation by one demographic
parameter for another, as one of many potential explanations
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Fig. 2. We applied a simple geometric growth model te the data:
N,y = N+ DN+ N where b = Jand 4 = =D Lo exam-
ine population persistence over 50 years. In this model, we used
recruitment. instead of births, because we were interested n the
addition of reproductively mature individuals to a population. The
initial population size at year ¢ was the number of captured adult
male toads in 2003. We used a single value for b and d calculated
from an average f and @ from 2003 to 2007. The graph shows the
geometric growth of the Bd-positive population (BR) using the
observed recruitment rate for BR (/= 0-41, solid diamonds) and
the abserved reeruitment rate for the Bd-negative population (DC,
/= 025, open squares). Population size at time 0 = number of
male toads observed in 2003 at BR.
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of why some boreal toad populations are able to persist with
disease while others are not. This idea may apply to other
amphibians and wildlife speeies, although further testing of
this hypothesis is warranted. We hypothesise that the differ-
ences in recruitmeni between our toad populations may reflect
an elevation ecffect and contribute to an explanation of
observed differences in vulnerability to Bd for high-vs. low-ele-
vation amphibians (c.g. Walker ef a/. 2010}, although this
hypothesis remains to be tested.

Healthy high-elevation populations in general are ‘on the
edge’ with limited recruitment because of shorl prowing sea-
sons and harsh climale. High-elevation anmphibian populations
are known to have slower growth rates, smaller clutch sizes
and lower recruitment than lower elevation populations (e.g,
Funk er af. 2003; Gibson, Van der Marel & Starzomski 2009),
skip breeding opportunities (Muths, Scherer & Lainbert 2010),
and have less opportunity to behaviourally regulate their body
temperature (potentially combating disease, Woodhams,
Allord & Marantelli 2003). Recent work by McCaflery &
Maxell (2010) reported increased survival and breeding proba-
bility with less severe winters, reminding us that even without
disease. the environment can be stressful. When such popula-
tions arc infected by disease, it is possible that their already low
recruitment rale cannot compensate for decreasing survival
probability and the population, witbout immigration, may be
extirpated. Denny Creek is an example of such a site, within
280 m of the maximum elevation reported for boreal toads
{Muths & Nanjappa 2005).

In contrasi, low-elevation populations enjoy a less harsh
environment, including longer growing seasons, potentially
more productive habitats, shorter times to reproductive matu-
rity and perhaps higher survival rates, particularly for earlier
life stages. When disease perturbs a low-elevation system, flexi-
bility exists, and recruitiment, which may have been density lim-
ited. can compensate for lower survival because of disease. This
is a key point because in some cases, survival is considered to be
a fairly stable component for long-lived species and changes in
the rate of population growth result largely from variability in
the recruitment component (e.g. spotted owls (Strix occidentalis
caurina)inthe western U.S., Franklin e¢ af. 2000).

Although the persistence of some populations (e.g. Bufo cal-
amitg, Sinsch 1992) has been ascrihed to the ‘rescue effect’
{Brown & Kodric-Brown 1977), a phenomenon thought {o be
driven by immigration in either 2 metapopulation or source-
sink context (Howe, Davis & Mosca 199]), cxtensive surveys
in the area of this study have not revealed a source population
and thus we suspect that high recruitment rates in the Bd-posi-
tive population are hecause of local reproduction.

Recruitment of first-time breeders is dependant on many
inter-related factors, some of which affect juvenile aninrals dis-
proportionately to adults. For example, local weather condi-
tions (e.g. harsher winters at higher elevations) may reduce
overwinter survival for smaller bodied juveniles: availability of
suitable overwintering sites for recently metamorphosed toads
inay limit survival; and differences in site productivity (sites
with higher productivity may provide more resources) can
impact growth, fecundity and survival.
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Our data suggest that DC is vulnerable to disease and that
BR is able to persist with disease partly because of the
demographic characterislics and responses of the populations.
However, there are other [actors that contribute to a popula-
tion’s response Lo such perturbation. Recent work by Briggs,
Knapp & Vredenburg (2010) suggests that the fungal load
{number of zoospores) carried by individual animals deter-
mines the level of persistence in a population, suggesting that
after the initial exposure to Bd and consequent population
decline, the population may persist with an endemic infection
with little impact on survival rates. At BR, the [ungal load ran-
ged [rom ( to 36:8 (SD 0-97) zoospore cquivalents (based on a
single vear, E, Muths, D. S. Pilliod, R. D. Scherer, unpublished
data). much Jower values than reported [or declining popula-
vons of yellow-legged frogs (Vredenburg e &/ 2010) and simi-
lar values to those that Briggs, Knapp & Vredenburg (2010)
report [or populations that have putatively survived an initial
onslaught of Bd. raising the possibility ol a similar scenario for
the BR population.

Population persistence is a subjective term. but any persis-
tence, even short term, has the potential to benefit populations
challenged with disease. Although the probability of survival
of infected individuals was lower in our Bd-positive population
than in the Bd-negative population, continued reproduction
and a relatively high recruitment rate in the Bd-positive popu-
lation appear to be slowing the rate of population decline and
increasing chances of persistence as evidenced by our observa-
tions of the populalion [or over § years coincident wilth Bd
inlection. This lag between putative initial infection and extir-
pation allows time [or shifts in life-history strategies to occur
(e.g. carlier sexual maturity sensu Lachish. McCallum & Jones
2009: Spencer & Janzen 2010) or acquired genetic immunity
(Richmond e/ af. 2009), thus. shorl-lerm persistence may ‘buy
time’ for changes that will allow long-term persistence with dis-
ease. In our case. it appears that environmental conditions
appropriate to short-term persistence may exist only al lower
clevation sites. While we have shown reduced survival in popu-
lations with Bd and the impact of differing recruitment rates in
determining persistcnce. we are not able 1o evaluate the effects
oD age structure and the comnmensurate effects of Bd as a selec-
tion agent in altering life historics as was accomplished for Tas-
manian devils with facial tumour disease (Lachish. MeCallum
& Jones 2009). Future efforts to assess age structure for bufo-
nids might include an assessment of age (size) at breeding or
clutch size.

Amphibian disease and the declines associated with it are
multifactorial in cause and in effect. The global extent of
declines and the panzootic nature of Bd, make amphibian
decline a handy study systemn to investigate demographic
response to disease, and potentially other perturbations. We
provide evidence that populations challenged with B are not
necessarily doomed to extinction because changes in other
demographie parameters may compensate for depressed sur-
vival. Such information foramphibians, especially thosc species
that may be able to persist with disease (e.g. Briggs, Knapp &
Vredenburg 2010; Pilliod et af. 2010), is of critical importance —
in the short term to lacilitale conservation decision-making and

action, and in the long term to increase understanding of
evolutionary aspects ol host-pathogen interactions. Although
focused on a single taxa conflronted by a single pathogen, this
example from the ficld illustrates a quantitative approach Lo
examining the underlying theory ol population ecology and
underscores the necessity ol using quantitative techniques to
acquire reliable estimates of multiple demographic parameters
to unravel the complexities of disease ecology.
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