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Summary 

t. The need to inere.lse our understanding of factors that regulatc animal population dYD<lIuies has 

been eat<i lysed by recent, observed declincs in wildlife populations worldwide. Reliable estimates of 

dcmograppic parameters are critical for addressing basic and applied ecological questions and 

understanding the response of paramel.ers to perturbations (c.g. disease, habitat loss, climate 

change). However, to fully assess tbe impact of pCl1urbation on population dynamics, all parame

ters contributing to the response orthe target population must be estimated. 

2. We applied tbe reversc-time model of Pradel i.n Prog.ram MARK to 6 years of capture-recapture 

data from two populations of Anaxyrus boreas (boreal toad) populat'ons, one with disease and one 

without. We then assessed a priori hypothcses about differences in survival and reemitment rclative 

to local environmcntal conditions aDd the presence of disease. 

3. We further explored the relative contribution ofsurvival probability and recruitment rate to pop

ulation grow lit and investigated how shifts in these parameters can alter population dynamics when 

a population is perturbed. 

4. High recruitment mtes (0'41) arc probably compcnsHtjng for low survival prob<lbility (range 

0·5]-0'54) in thc population chaUcngcd by an cmerging pathogen, resulting in a relatively slow rate 

of decline. In contrast, the population with no evidence of disease had high survival probability 

(range O· 75-0,78) but lower rceruitment rates (0'25). 

5. Synthesis and applications. We suggest that the relationship between survival and recruitment 

may be compensatory. providing evidence t.hat populations challenged with disease are not neces

sarily doomed to extinction. A bettcr understanding of these interactions may help to explain, and 

be used to predict, population regulation and persistence for wildlife threatcned with disease. 

Further, reliable estjmates of population parameters such as recruitment and survival can guide the 

formulation and imp1ememation of conservation actions such as repatria tions or habitat manage

ment aimed to irnprove recruitment. 

Key-words: amphibian decline, Batrac!7oc!JylriuJ11 dendl'of alidis, boreal toad, disease, host

pathogen dynamics, reverse-time Pradel model, United States 

of perturbation on population dyuamics. studies muslIntroduction 
consider. and quautify. all pammetcrs contributing to the 

Achieving an understanding of Ihe immediate and Ihe evolu response ofthe target population. 
tionary responses of animal populations to perturbation Emerging infectious disease i., a perturbat'ion thal is increas
depcnds on an apprccialion of how demographic par<lll1etcrs ingly named as il faclor influencing human and wildlife popula
intel'<lct and how they are affected by ex.trinsic factors. SUJ."viv<t1 lion, (Daszak. Cunningham & Hyatt 2000; Rcpcranl 2010). 
receives -Ih<:: majority of attention in demographic stUdies. but Disease can affect population demography (e.g. Lachish, 
other parameters such as recruitment can bave significant McCallum &.Jones 2009), population persislence (Woodworth 
influence on population dynamics. To fully assess the impact el (/1. 2005), and potentially, organismal life Ilistories (e.g. 

Choisy & Robani 2(06). Concern has escalated because of 
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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 bettcr understanding of the role of disease 

in wildlife population dynamies is needed urgcntly given the 

onslaught ofemerging and infectious diseascs worldwide (Das

zak, Cunningham & Hyatt 2000; Oli et al.2006). 

There is empirical evidence that emerging diseases aRect 

wildlife population dynamics and increase the risk of extinc

tion in a variely of taxonomic groups: White-nose syndrome in 

bats caused by the fungus Geomyces deslruc/ans (Wihbelt el al. 

2010). facial tumour disease in Tasmanian devils SQrcophilus 

harrisii (Lachish, McCallum & Joncs 2009), conjunctivitis in 

housc finches Carpodacus mexicunus caused by Mycoplusma 

gallisepTicum (Dhondt et al. 2005), upper rcspiratory disease in 

gopber tortoises Gopherus po(yphemus caused by J1ycoplasma 

cifiassizii (Ozgul el al. 2009) and cbytridiomycosis caused hy 

the fungus Balrtlchochylrium de/l(h'obaridis (Bd) in amphibians 

(c.g.Vredenburg et uf. 2010). Despite the clear link between 

emerging diseases and population persistence, in Sill! quantita

tive studies on the effects of disease on survival in wildlife pop

ulations are rare (but see Briggs et al. 2005; Lachish. 

McCallum & Jones 2009; Murray er al. 2009: Ozgul el al. 

2009; Spencer & Janzen 2010) and few studies have explored 

relationships among demographic parameters to elarify how a 

disease is affecting a population. 

Chytridiomycosis provides an example of a wildlife disease 

receiving considerable attention but Jacking slrong quantifica

tion of its effects on population demography in the wild. Bd is 

a pathogen impacting amphibian populations worldwide (e.g. 

Skerratt el cd. 2007). The eRects of Bd vary by amphibian spe

cies and by population, in somc causing catastrophic extirpa

tions and declines (e.g. Ryan, Lips & Eichholz 2008) and in 

olhers having minimal cRects resulting in apparent coexistencc 

(e.g. Retallick. McCallum & Speare 2004; Briggs el a/. 2005; 

PilJiod el al. 2010). The profusion of researcb on this wildlife 

disease (at least 254 original research papcrs published since its 

discovery in 1997: Web of Science search on Bal"achoc!rylrium 

dendrobatidis) provides an excellent base of knowledge to 

develop and test hypotheses about the immediate eRects of dis

ease on demographic parameters and population dynamics. 

This opportunity is limely. Advances in molecular techniques 

now allow more accurate field assessments of disease presence 

and prevalence, providing opportunities to cxplorc extrinsic 

factors affecting population dynamics. Advances.in the ,malyt

ical aspects of mark-rccapturc methodology have rcplaced tra

ditional ad hoc measures (e.g. return rates) with models that 

account for imperfcct detection and allow cstimation of a 

broad range of demographic parametcrs. 

Using advances in both fields. we assessed the popula

tion-level cRects of Bd on a population of wild hnfollids 

AlwxynlS boreas in western North America. In amph.ibi

ans, the number of adults (reproductively mature individu

als) at a breeding pond in a particular breeding se<lson is 

a function of: (i) the number of adults that surviyed from 

the previous year and returned to breed, and (ii) the num

ber of adults recruited into the population since the prcvi

ous breeding season. Previous studies have cvaluated the 

effect of Bd on the survival probability of adult amphihi

ans (Murray ef al. 2009; Briggs, Knapp & Vredcnburg 

20l0; Pilliod el al. 2010). However, they have not esti

mated recruitment rates ill populations infected by Bd. We 

assessed survival and recruitment as a way to evaluate 

population growth and persistenee (e.g. Schmidt, Fcldmann 

& Schaub 2005) and, in an approaeh that is atypical in 

wildlife disease studies. we compared demographie esti

mates from a diseased population to demogmph.ic csti

matcs from a reference population that lacked evidence of 

discas.: in the same region. These components were also 

examined in relation to potential interactions with sire-b·el 

cnvironmental covariates. 

Materials and methods 

We collected caplUl'c rccapture data from male boreal toads in two 
populations, one in Colorado [Denny Creek (DC)) and. one in 
Wyoming fBlaekrock (OR»). Thc disease status of each population 
was based on peR testing of :> 100 individuals per site over 6 years 
(2003 2008, TabIe 2). yielding OI]C population positive for disease 
(BR. elevation 2082 m, latitude ~ 43-8°) and one population nega
tive for dise,lse IDC. elevatiol13360 m. latitude = 38'8°). Both popu
latKlns are in typical rocky mounwin habita! dominated by willow 
Salix "Ianifolia, bog birch Belllia glal/dlilosa, aspen Populus Irenwlo

ide.' ,l11d evergreen trees (e.g. Picea englenw,,;i, Ahles IQ!iiocarpa) and 
,Ire simllar ecologically. ln the Rocky Mountains. t.oad populations 
at higher latitudes are found III lower elevations, and vice versa 
(Muths.l>illiod & Livo 2008) such that differcnces because of eleva
lion (DC:> llR) me p,rrtially balanced by differences in latitude 
(BR > DC). Nl"ve prevalence was determined by dlviding the 

Tabl~ 1. '!"Ile hypotheses of spatial and temponJl variation in survival 
probability (<l» and recruitnlenl rate (/) along with their associated 
model names 

HypotheSIS	 Model name 

Survival models 
<l>	 dccreases as prevalence <l> (PREV + POP) 

(PR EV) increase, in the 
Balraclroclr.1'lriw/1
 
dendroba/uJi, (Bd)-positive
 
population while sur.·i"al
 
remains eonslant in the
 
Bd-negative p<.>pulatjon
 

<l>	 is lower in t.he Bd-positive <II (SITE)
 
population (IlR) than in the
 
1M-negative poplliation (DC)
 

<II	 is pOSItively related 10 <l> (TMAX'POP) 
TMAX/KFdays in the <l> (KFdays'POP) 
Bd-positive popul,ltion, and 
the relationship is ditrerent in 
the Bd-negative population 

<l> is constam	 <l> (.) 

Re~ruitl11cnt models 
.f is lower In the Bd-positive .I(POP) 

population (BR) than at the 
Bd-negative population (DC) 

I is the same between ./0 
populations 
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n11l11ber of Bd·p,-'~it.ive individllals by the number of individuals 

tcslLXi. The <Iccur,ley of\his estimate depends on " conslant detection 

probability for both discast,d and u.n-disea~ed individuills, an unlikely 

case (Le. we suspcct that dise<lsed individuals are less likely t.o be 

detected bccause die"OJr events Itlr this species are rarely observed), 

Thus, our prevalencc estimate is likely to be low (Table 2). Animals 

were capt.ured by haud, at night during t.hc breeding season. Early 

season moniloring wus problematic because siles were remote; therc

forc, we defined the brceding season as 1 week prior to the firsl obser

varion of a toad plus 28 days after thaI observation (for details sec 

Pilliod (': o!. 2(10), We used' the revel'se-rime Inodel of J'radel (\Vil· 

liams_ Nichols & Conroy 2(02) in Program '''ARK (Whitc & Ilul'l1ham 

1999) lO analyse rhe c;rpture rceaplu,re d,lta, Although wc collected 

dl:1ta for males and fenliJles. dam on females \-'v'ere too sparse to be 
used in the ,malysis, Furthermore, female toads tend 10 show 

Markovian br.;edmg probabilities (Muths, Scherer & Lambert 2(10) 

whieh can cause bias in estimales of parameters in rhe Pradd model 

(Williams, Nichols & Conroy 2002; Schmidt, Feldmann & Schaub 

10(5), We used t.hc pmameterizillion of the Pradel model 'lhat con

tained rhe rollowing p,lrameters: apparent ,urv,iva! probability (<T», 

rCLruitment rale en and eapture probabiJjJy (1') lO elucidate the e.fl'ects 

of Ed ()II «> and/llt the populat.ion level. In this model. the survival 

parameter. <t\ is 'apparent" I)CGlllSe permanenL emlhTfat.ion cannot he 
dIstinguished frol11 demh, HQwovcr, permanent emigrat.ion in male 

boreal to<ld, appears to bc low (Muths ei al. 200(,); therefore, weeon, 

sider <T> to repre-lent l!'lle survival. Recruitmcnt is tile per capita num

ber orindividlwls added to a breeding populi1tion each year (ie. new 

breedcrs whethvr Ih)]u i" "il" reproduClion or immigriltion from 
other populations). Ln. rhls study, as is oft.elJ rhe <:Usc for bufoniJs, 

recruitment is not equivalGllt to reproduction becuuS<' some animals 

spcnd multiple years as SCXUiltly immature juveniles prior l() enlering 

the breeding popularion (Schmidt.. Feldmann & Schaub 2(05), (;(11'

ture pr(lb<lbility, iJ, is delincd as the probability thut a, marked indivkl

ual iu thc populalion is eaplured dming a partIcular s8mpllng period, 

Adequale modelling of eaptl1l'e probability is nece,sary to avoid 

lInuccessary bias and imprecision in estimates of sUIYivalprobability 

and recruitmcnt rale (Lcbrctoll ('I ~l 1992), 

We developed a set of hypotheses regal' ing causes of lhe s(Xltial 

(i.e, belw~en poplli<Jtions) and tempor~1 v<lri,ltiou in the model 

parmnctcrs. For survival probability, <T>. we evaluat.ed thrce general 

"pl'ion hypotheses: (il as the na'ive p,'cva!ence of Bd in a popui<Jl,ion 

inerea,e~, (I> decreases, (ii) <T> is lower tn thc Bd-positive population 

(BRi \'S, the Bd-negatjve population (DC) and (Iii) the Bd·poSIlive 

and Bd-ncg'ltive populat.ions are affecled di.lferently byenvironmen

tal conditions (Tablc I), \Ve hypotheSized relillion~hips bcrween <T> 
nnt! lWO cnvironn1clllal cOvaritlles l'daLed (0 lcmperc.llllre because ear

lier sludies highlight the importance Qr lcmperature in the Bd host 

inlcraction (Muths. Pilliod &Livo 2008: Kilpatrick. Briggs & Dasz:lk 

2tllO)_ Avertlgc daily mnxirnum air temperalll.re (TMAX) repre,enls a 

beat-related condition and the porential for tlmphibicll1s 10 elear 

themselves or the dise,lse behaviourally (Richards· Zawacki 2009). 

Therefore, we hypothesized thnt <T> would be positively a~~ociahxl 

wit.h TMAX ill the Bd-positive population bnt woulJ haw ,I differet)r 

relalionship to TMAX in the Bd-negative poplll"tion, We deJineJ 

T:vIAX as the lemperature during ,he acrive seasou or July and 

August. th~ hottest months at the sites and lhc monlhs an~r rhe 
breediHg season in which loads were most aClive. The number of 

killing frosl day~ during the breeding season (KFdays) represents a 

Cold-related s[re'Sor and the potential for cold to limit growth and 

reproduction of Bd(i.e, fungal grQwth slows below 4 °c, Piotrowski, 

Annis & Longcore 2004), Thercf(lrc, we hypothesized thai <jl would 

be positively associared with K Fdays in the Bd-posItivc population 

Recruifl11elU, sUl'I'iI'a{ and penis/cure 875 

Table 2. For the B"Imchoch,l'll'iuJ?1 dendruba/idis (Bd)-posltlve 
populalion (BR) und the Bd-lleg,nive population (DC): number of 
male toads caplllred; probability of capture (P); prevalence I (number 
of animals lesling Bd-posiriw/no, of animals test.i·ng positive in 
previous years; this vailic is biilsed high because it includes ani'll",'ls 
that were targeled for testing because of previous positIve results); 
prevulcnee 2 (number of animals testing Bd-positi',ciJ1o, of ani.rnals 
tested; this va.lue does not include anim'lls that werc largeted. i,e, it is 
a r,lndom sample from the captured population, hUl sullers from low 
sample numbcrs), The prevaiellce 2 d"l.a were uoed ro dcrive the 
values for prevalence in the rexL ,-------_. _...._------~-

No, of Capture No, 
animals probabih,ty tested Previl)ence Prevalellee 

Site caught (95% CI) for Bd 2 

BR 
2003 259 0,90 (OA7 0,99) 28 0,43 043 
2004 249 047 (035 -0'60) 41 OAI 0,39 

2005 266 0,420·3 I 0'55) 6 0'83 0 
2006 216 0, 51 (0'37 -0'64) 28 0-57 0'36 
2007 239 0'50 (0'340'65) 4 0,5 0 
2008 170 0,32 fO,19-0-48) 22 OA5 0'45 

DC
 
2003 145 0,41 (tJ'300'53) 14 0 0
 
2004 80 042 (0'33 052) 24 0 0
 
2005 71 0,49 (0,39 ·0'60) 25 0 0
 
2006 88 044 (034- 0'54) 37 0 0
 
2007 8e, 051 (0'37 0'(5) 13 0 0
 
2008 55 1)'39 (0'25~'55) 10 0 0
 

..........._---- 

and have a difl'er~nt rc!ationship to KFdays in the Bd-negative 

population, 

Wc also evaluated two hypotheses for recrUitment rate (j); (t)lis 

lower allhe Bd-positive site, based on laboratory studies thaI. report 

that Bd nlrect., survival negatively in all post-meunnorphic life stages 

of boreal toads (Carey "I ai, 2006; Murphy e( al 2009) such t.hat 

there may be rewer juveniles to be recruited into the brecding popula

tion, and (iDlis constant between the lWO populations (Table j), We 

did no( as.sess en ..... ironmcnt.~l! covariates in relation lo recruitment 

becanse each llmphibillnlire st'lge 'lhat contributes to recruitment dir

fers drumaucally HI its response to tcmp<mllure and the inclusion of 

appropri,nely time-Jagged covanates would have complleated the 

model set. 

Finally. w~a, e(l six hypotheses for 1': {i) I' constant [null model. 

1'(,)1: (ii) p varies across year" only fj!(time)J, (Iii) l' varics between pop

ulations only Ip(POPij, liv) j! varie, across years and betw"cn popula

tions [j!(POP*rirne\], (v) pis higher In years with hIgher tcmperJlures 

during sampling occasions. (vi) p is higher in years wilh high~r lem

peratures during sampling occasions, but the reblionship dillers 

between OC '1l1d BR (i,e, an internction belween temperature and 

popul"ljon), For e,lch parameter, we expressed the hypolhcses as 

marhemalieal models (Table I) and fit every possible combination or 

thc models of<T>.j and j! to the capture rccapture data, 

SlJ:ength "revidence for each model was qU<lmified using the differ

ence in QAIC., of modd ,. and thc QAICc of the top mood, 11" and 

Akalke weights, 1,'i; we uscd lhe infol'lllation criterion, QAJC", 

'bee.Illse of the evidence of o\'erdispersion i'll the d,lt" (Burnham &. 

AnJerson 2(02) .. We med model avcraglng to derive cstimales "fall 

paramcters (Burnham & Anderson 2002), The rate of population 

growth 0.) for each population was esrimated a' a derived parameler 

using Program ",IRK (White & Burnham 1999; Willi'llm. Nichols & 

Conroy 20(2), Because we hypolhesi7Cd thaI <T> and/would be lower 
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876 E MLJlhs. R. D Scherer & D, S. Pi/liod 

ill (he Bd-positive populadon, we expected cstim,lles of I, 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 goodness-of-fit test is 

not available for the Pradel model but previolls analyses using 

these data (Pilliod et al. 2010) indicated moderate over disper

sion (f = 1,75), We lIsed the same c valuc illlhi~ ana!lysis. We 

also ran tbe analysis using col' 1·00 and 2·50 and observed only 

minor ehallges in tbe model selcction results and estimates of 

variance. Capture prohability (p) varied across years and 

between populations such that the top eight models ineluded 

an interactive effcct or population and timc in the structure on 

p. We found little evidenee ofa relationship hetwecnp and tem

perature. The highest ranked model that induded this relation

ship had /j,j > 12·0 and w, < O·OJ. 
There was strong evidence Ulat <t> varied between popula

tions and was compromised by the prescnce of Ed (Table 2 

and Fig, I). Spccifically, <I> in the Ed-negative (DC) population 

was 0,77, 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 indicatcd higher survival probability in the Bd
negative population. DC [Poc = /·11 (95% CI: 0'63--1'58)]. 

There was also evidence that the effect ofTMAX on <t> varied 

between populations. Estimates of regression coefficients from 

the second- and sixth-ranked model indicated that increases in 

TMAX were associated with decreases in <t> at BR 

[ftTMAX*IlR =< -12·9 (95% Cl: -33 to 7-3)] btlt were associated 

witJl inereases in <t> at DC lt3TMAX.DC = 40 (95% CJ: -24,3 to 
104-3)). TIlese estimates were not consistent wiul our predie

tions (Table 1). Tht:re was little evidence for a relationship 

.2 0,8 
e 
~ 07 

~ 0·6 

g 05., 
.!J1 a. 04 

&. 03 

02 

o 1 , 

o i DC,-"--Fl_RL-,-l_DC-.LB_R-'--~,L~,~c ..,B~L~LQ_C..l-6R-L__J..D_C-L8--lR 

2003 2004 2005 2006 2007 

Fig. I. Lambda, or rate of change in population size (1.) is composed 
of two parts. survival (open area of bars) and reeruitmcnt (solid area 
of bars). Values> I indicate growth and yalnes < I indicate decline, 
error bar~ show 95% confidence interv~1 of _.. Although smviva'i is 
higher iu thc BwracllOdl)'ll'illl71 deIlJrohalid':' (BdJ-neg,ltive popula· 
tion (DC), recruitment is higher in thc Bd-positive population, thns 
probably compensating for reduced survival. 

© 2011 The Authors. Journal or Applied Ecology © 2011 

'l'able 3. Top ~ix models of survival probability (<1», recruitment rale 
(j) and <;,lpture probability {p).The modd structure f,lr p is not 
shown, because it was the same aero· al! SIX Illode [P(POP*time)j 

Model 
no. \10dclname QAJCc t., 11', k QDevlanee 

."_.~-----------_ .._._--
I (<f> (POP), !lPOP\) 4269·80 0·00 0·48 16 102)7 
2 [<I> (TMAX·pOP). 4271·38 1·58 0·22 18 99'67 

APOP)} 
3 {CI> (PREV + POP), 4271·68 1'88 0'J9 17 102·00 

!(POP\) 
4 {<I> (KI-d"ys'POP), 427JG7 3'87 0-07 18 101·96 

j(POP)} 
5 {<f> (POP) !(.)} 4276'28 6'~8 0·02 15 110·68 
6 {eI> (TMAX'POP), In: 4277·45 7-65 DOl 17 107-78 

_.._.... .. _--...-.•. _
L1, = I1QAICc of model i, W, .. Akaikc wcight of model i, 
Ie ~, llllmbcr of paralJ'~tcrs, QDeviance - -2 lo~ likelihood/c', 
POP denOlcs population (Bd-positive vs. Bd-negative). PREY 
denotes prevalence. See text for descriptions of covari<1tes 'I'M.AX 
and KFday". 

----~._,--

between surviyal probability aJld KFdays or prevalence in 

either population. While models that ineluded these covariates 

were supported by the data (~, < 2; Table ]), estimates of the 

regression coefficients in both cases were imprecise and clearly 

overlapped zero. pret:Juding strong inference about these rela

tionships. 
The model selection results illdieated strong support for dif

ferential recruilment between the two populations [the top four 

models all indicated an effect ofpopulmjon OLl recruitment rate 

(Table 3)]. Contrary to what we prcdicr.ed, recruitment rates 

were higber in the Bd-positive population; recruitment rales 

were estimated as 0·41 (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 t~lles for 

tbe two populations. At HR, the rate was consistently < 1, 

indicating a declining population, and at DC, the rate was 

consistently> I indicating an increasing population (Fig. I). 

Discussion 

Although our study ha~ limited inference, it offers imporl"mt 

information on potential mechanisms underlying the dynamics 

of populations cl1<lllenged by disease and how they lDay 

respond to 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 sllrvival rates for male and female boreal toads (Scherer, 

Muths & Lambert 2008; Muths, Scherer & lambert 2010), 

such that results from this study (male data only) may be appli
cable to other boreal lOad 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 (I,). First, boreal toads are 

long-lived (i.e. they have bigh survival rates once they attain 

adulthood; Muths & 1\anjappa 2005). and thus. the death of 

sexually mature indiYiduals should have eonsequence~ 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 growtll (i.e. resiliency) is often heavily 

influenced by adult sll[\~val (Musick 1999; Sll;ther & Bakke 

2000; Vonesh & De la Cruz 2002: Spencer & Janzen 20 I0). This 

pattern has been iUustrated specifically for boreal toads (Biek 

eI uf. 2(02). However, the), estimates for lhe Bd-posi-live popu

btion (:1-11 % annual decline) were not as low as wou'ld be 

expected when examining the survival rates alone. suggesting 

that another parameter may be compensating for the low sur

vival rates at BR. We provide evidence for higher rates of 

recruitment at BR than at DC such that cstimates of J", in the 

Ed-positive population approach estimates of j, ill the Bd-neg

ative population (Fig. I). 

Our data indicate high recruitment rates compensate for low 

survival at BR such that lhe population is able to persist. rather 

than showing the catastrophic declines reported in other popu

lations chaHenged by Bd. At DC, where recruitment is contrib

uting relatively little to the persistcn.ce of lhe population, the 

data suggcst that ifchallenged by disease and a resulting decline 

in adult survival. persistence would depend on an upward shirt 

ill recruitment rate. Simple go::ometric growtll models. while not 

form ,1 I population viability analyses, eun offer additional 

insight into our results. These n10dels indicate a slow decline i"n 

the Bel-positive population (BR) (Fig. 2). Interestingly, if the 

recruitment rate from lhe Bd-negative population (DC) was 

substituted for./ in modelling the population growth rate at 

BR, the BR population went e~tillct « 2 individuals) within 

20 years compared to persistence beyond 40 years at the cur

rent (Fig. 2). highhghting tbe importance of recruitment in 

this system. 

We present this idea of compensation by one demographic 

parameter for anothcr. as one of many potential explanations 
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Fig, 2. Wc applied iI simple geometric growth model to the data: 
Nt I = Nt + b*N, + (,/*1'/, w'herc h - ..rand d = I-<b Lo eXiJn1

inc population persistence over 50 years" In thi, 11I0del. we used 
rccruiUllenc instead or births, becHusc we were interested ill the 
addition of reproductively mature incl.ividl.lal, to '1 populatioll" lhe 
iniri,i1 populHtioll size at YCiJr 0 was [hc number or captured aclult 
male londs in 2003. We used a single value for band d calculalecl 
froln an ,lvcmgc rand <D Crom 2003 to 2007. The graph shows the 
geonwtric growlh of the Hd-positive poputation (H·R) ming the 
ol"ervcd recruitment rate for BR (/' - 0041, solid diamollds) ancl 
the observed recruitment rate for the Bd'11cg,ltive population (DC. 
I = 0,25, opcn squi1re>;)" Population si7e a[ time 0 = number of 
m;ilc t01lds 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 othcr 

amphibians and wildlife speeies, although further testing of 

this hypothesis is warranted. We hypothesise that the diRer

ences in recruitment between our toad populations may reflect 

an elevation effect and contribute (0 an explanation of 

observed difli:rences in vulnerability to Bdfor high-vs.low-ele

vation amphibians (e.g. Walker el al. 2010), although this 

hypothesis remains to be tested. 

Healthy high·elevation populations ,in general are 'on the 

edge' with limited recruitment becausc of shon growing sea

sons and harsh climate. High-elevation amphibian populations 

are known to have slower grO\vth rates, smaller clutch sizes 

and lower recruitmcnt than lower elevation populatiol)s (e.g. 

Funk el at. 2005; Gibson, Van dcr Marel & Slarzomski 2009), 
skip breeding opportunities (Muths, Scherer & Lambert 20W), 

and Iwve less opportunity to behaviourally rcgulate their body 

temperature (potentially combating disease, Woodhams, 

A'iford & Marantelli 2003). Recent work by McCarTery & 

Maxell (20 1(1) reported increased survival and breeding proba

bility with less severe winters, reminding ltS that even without 

disease. the environment can be stressful. When such popula

tions arc infected by disease, it is possible that their already low 

rcc·ruitmenl rate cannot compensate for decreasing survival 

probability and the population, witbout immigration, may be 
extirpated. Denny Creek is an example of such a site, wilhitl 

280 m of the maximum elevation reported for boreal toads 

(Muths & Nanjappa 2005). 

[11 contrast, low-elevation popuLations enjoy a less harsh 

cnvironm~nt, including longer growing seasons, potentially 

more productive habi,tats, shorter times to reproduetivc matu

rity and perhaps higher survival rates, particularly for earlier 

life stages. When disease perturbs a low-elevation system, flexi

bility ex:ists. and recruitment. which may have beell density lim

ited. can compensate for [ower survival because of disease. This 

is a key point because in some eases, survival is eOllsidered to be 
a fakly stable c(lmpOnellt for long-lived species and changes in 

the rule of population growth resultlargcly from variability in 

the reeruitmenteomponent(e.g. spotted owls (Slrix oco'delltalis 

caUJ'ljw) in tbewestern U.S., Franklin et al. 2000). 

AHhough the persistence of some populations (e.g. Bufo wl

amilu, Sinsch 1992) has been aserihed to the 'rescue eRect' 

(Brown & Kodric-Brown 1977), a phenomenon thought to be 

driven by immigration in either a metapopulation or souree

sink conlext (Howe, Davis & Mosca 1991), extensive surveys 

in the area ofth.is study have not revealed a source population 

and thus we suspect that high recruitment rates in the Bd-posi

tive population arc because of local reproduction. 

Recruitment of first-time breeders is dependant on many 

inter-related factors, somc of which affect juvenile animlils dis

proportionately to adults. For eJ(ample, local wcnther condi

tions (e.g. bar-sher winters at higher elevations) may reduce 

overwinter survival for smaller bodied juveniles: availability of 

suitable overwintering sitcs for recently metamorphosed loads 

may limit survival; and differences in site productivity (sites 

with higher productivity may provide more resources) can 

impac! growth. fecundity and survival. 

'D 2011 The AlHhors. Journal of Apptied Ecok'gy © 201 I British Ecological So<:iety, JOUI'I111! of Applied ECO!Og,I·. 48, 873--879 



878 E. MUlhI. R. D. Scherer & D. S. Pilliod 

Our data suggest that DC is vulnerable to disease and that 

BR is able to persist with disease partly because of the 

demographic characteristics and responses of the populations. 

However, there are other factors thaI contlibUle to a popula

tion's response to such perturbation. Recent work by Briggs, 

Knapp & Vredenburg (20JO) suggcsts that the fungal load 

(number of zoospores) carried by individual animals deter

mines the level of persistence in a population, suggesting that 

alter the initial exposure to Bd and consequent population 

decline, tbe population may persist with an endemic infect,ion 

with little impact on survival rales. At BR, the fungal load ran

ged from 0 to 36·8 (SD 0,97) zoospore cquivalents (based on a 

single year, E. Mulhs. D. S. Pilliod, R. D. Scherer. unpublished 

data). much lower values than reported for d.eclining popula

tions ofyellow-legged frogs (Vredenburg el al. 2010) and simi

lar values to those that Briggs. Knapp & Vredenburg (2010) 

report for populations that have putatively survived an initial 

onslaught of Bd. raising the possibility of a similar scenario for 

the BR population. 

Population persistence is a subjective term. but any persis

tcnce, even sbort term, has tbe potential to benefit populations 

challenged with disease. Although the probability of survival 

ofinfeeted 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 population for over 8 years coincident with Ed 
infection. This lag between putative initial infection and extir

pation allows time for 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 el al. 2009), thus. short-term persistence may ;buy 

time' for changes tbat will illiow long-term persistence with dis

ease. In our case, it appears that environmental conditions 

appropriate to short-term persistence mety exist only at lower 

clevation sites. While we have shown reduced survivetl in popu

lations With Bd and the impact ofdiffering recruitment rates in 

deterrniuing persistcr;\ce. we are not able to eVilluate the eRects 

on age structure and tbe commensurate effects of Bd as a selec

tion agent in altering life histories as was accomplished for Tas

manian devils with facial tumour disease (Laehish. MeCallum 

& Jones 2009). Future efforts to assess age structure for bufo

nids might include an assessment of age (size) at breeding or 
c1 utcb size. 

Amphibian disease and the declines associated with it are 
multifetetorial in cause and in effect. Tbe global extent of 

declines and the panzootic nature of Bd, make etmphibian 

decline a handy study svstem to investigette demographic 

responso to disease, and potentially other perturbations. We 

provide evidence that populations challenged with Bd are not 

necessarily doomed to extinction becaLlse changes in other 

demographie parameters may compensate for depressed sur

vival. Such information for amphibians, espocial1ythosespecies 

that may be able to persist with disease (e.g. Briggs, Knapp & 
Vredenburg 2010; Pilliod el al. 2010), is ofcritical importance

in the short term to facilitate conservation decision-making and 

action, and in thc long term to increase understanding of 

evolut,ionary aspects of host-·pathogen interactions. Although 

focused on a single taxa confronted by a single pathogen, this 

example from tbe ficld illustrates a quantitative approach to 

examining the underlying t.heory of population ecology and 

underscores the ncccssity of Llsing quantitat.ive techniques to 

acquire reliable estimates of multiple demographic parameters 

to unravellhe complexities ofdisease ecology. 
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