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Summary

1. Estitnutes of demographic parameters for feinales, in many organisms. are sparse, This is partie-
ularly worrisome as more and more species are faced with high extinction probabilities and conser-
vation increasingly depends on actions dictated by complex predictive models that require accurate
estimates of detnographic paraineters for ecach sex and species.

2. This study assesses demographic parameters, specifically temporary emigration and survival, or
femaies, u class Lhat has been difficult to investigate historically because ol lack of data. Amphibians
provide a partictlarty good example because there is global concern about amphibian decline; yet
most demographic parameter estimates are based on data [rom males, which we show ean lead (o

erroneous conclusions.

3. W use 10 years of capture recapturce data from boreul toads { Bufo boreas) and the multi-state
open robust design model (o provide evidence for the oceurrence of skipped breeding opportunitics
(Le. temmporary emigration) in femnales. This is the first time that the open robust design model has
been applied to an analyais of an amphibian population that we arc awarc of.

4. We determined that the transition from breeder to non-breeder is obligate and the probability of
a non-breeder remaining a non-breeder is 64%: thus, temnporary ermgration is first~-order Markov-
ian in nature, where breeding probability is dependent on the previous vear’s activity, i.e. if a fernale
did not breed in vear one, there is a 36% chance that she will breed in yeat two. With temporary emi-
gration accounted for. we estimated between-year female survival at 87%.

5. Establishing the occurrence of temporary emigralion not only rcduces bius in eswmnates of
survival probabilities but also provides mformation about expected breeding attempts by females,
a critical element in understanding the ecology of an organism and the impacts of outside stressors
and conservation actions.

Key-words: boreal toad. capture-recapture, Colorado, nulti-state open robust design. sor-
vival. temporary emigration

. aramelers of lfemale anurans {[rogs or toads). i sprie of preat
introduction P emale anurans ([rog adv). I spute of g
concern over declining amphibian populatons and data that

Understanding the demographic processes that drive popula-
tion dynamics 15 a central focus ol ecoloay (Krebs 2001) and
identilying threats to species” well-being is predicated on such
knowledge {Richter & Sergel 2002; Tomillo er af. 2008). An
understanding of these provesses s nnited 10 males for many
species. In parucular. information on the demographics ol
pond-breeding bulonids (true toads) is sparse and only a hand-
ful of studies (Kuhn 1994: Schmidi & Anholt 1999: Reading
2007%; Vasconcellos & Colls 2609) have addressed demmographic
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indicale over 32% ol the world's amplibians are al nsh (Stuar
el af. 2004}, comprehensive demographic data are unavuilable
for tnost amphibian species (Bick ¢r al. 2002).

Increasingly. scientisls arc using predict:ve models of greazer
complexity in the munagemenl and conservaiion of species
{c.g. population viability models, Stevens & Ragucte 2008;
cxtincuon risk assessments, Purvis 7 al. 2000). As these mod-
cls become more complex, species- and sex-specific parameter
cstimates are important if demographic population models are
to be relevant to conservation science. With amphibians hav-
ing a current extinction rate of 221 times their background rate
(McCallum 2007}, conservation efforls become more urgent,
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escalating the need for such targeted data. Given that bulonids
are one of the most threatened familics of amphibians (Colling
& Crump 2009). this paucity ol basic knowledge about female
bufonids is alieming and limits cur abibty (o make sound con-
serviaion deetsions

are ¢flen sampled at breeding ponds, and indi-

Amplubian:
viduals that are nol present at u breeding site m a particular
breeding scason are considered lempaorary emigrants i cap-
wire-recapiure models (INichols ef o/, 1987), Temporary emi-
gration refers Lo temporary absence {rom (he study area rather
than permanent dispersal. In soine cascs. temporary cnuigra-
tion is equivalent io skipping a breeding opportunity. Boreal
loads, Tor example. are philopatric to breeding ponds (Olsen
1992, Cazey ¢ al 2003). Therefore. we assume temporary en-
grants we skipping a breeding opporiunity wnd net breeding in
a different pond Nichols er «f. (1987) describe iwo kinds of
lemporary cnigration, random and Markovian: i a Markov-
1 proeess, iemporary emigration depends on whether an
individual bred in the previous breeding season and in & ran-
dom system, (emporary cmigration 1s independent of an indi-
vidual's behaviour previously. Tor females we inight suppose
thean wemporary emigration, il it oecurs, is linked o reproduc-
tive state in the previous breeding season and thus follows a
Markovian pattern (sensu Church eq af. 2007). Temporary
emigration s of interest biologically because it provides infor-
maton aboul behaviour and reproduction. It @ also interesting
computationally because the presence ol Markovian tempo-
rary emigration can bias esumales of survival fronu ihe Cor-
migek Jolty Seber (CIS; models (Kendall, Nichols. & Hines
1997; Fretey of al, 2004; Schaub er of 2004). subsequently
allecting results [rom elasticity analyses or olher applicat:ons
that depend on refiable estimates of demographic parameters.

A number ol authors allude o the presenee (or absence) of
temporary emigration in bufonids (Olson 1992; Kuhn 1994;
Williamson & Bull 1996: Corn, Jennings, & Muths 1997;
Schmide & Anholt 1999: Fréley et «f. 2004; Henle 2065; Bull &
Carey 20609). but published reports Lypically locus on males or
data sets where bolh sexes are umped Logether (and

gener-
ally mghly male biased), Mostdo not atlempt to quantify rene-
porary enngration specifically Tor females and Lhe studics that
present data on this phenomenen in maie bulonids present
divergent resulis. from evidence against (Vasconcelios & Colly
20097 1o evidence lor (Schmidt, Schaub, & Anholl 2002; Fréwy
et al. 2004: Muths er af. 2006; Bull & Carey 2009).

Ln contrast to the phenomenon of wniporary emigration. a
few studies have estimated annual survival probabilities in
fernaie bulonids. Researchers estmalting survival probability
have primanily used the CJS model (Sehmidi & Anholt 1999;
Seliidt ef af 2002 Reading 2007}, aithough Vasconcellos &
Collr (2009) apply multi-state modelhng (o a 3-vear data sel.

Estimation of demographie paraineters under models (hat
are currently avalable rely on recaptures of individuals (Wii-
Hanis, Nichols. & Conroy 2002). yet a common trant of cap-
wre-recapture data froin populations of bufonids s a lugh
proportian of captures and recaprures of males compared with
that of females. making precise estimates for parameters
specilic to females diflicult. For example, Fréley ef af. (2004)

captured more than 1500 males, but only 728 females in a 16-
year study of Bufe bufo in France. Of the 728 females. only 31
(4%) were captured more than one time dunng the study. By
contrast, over 400 (55%) of the males were captuied multiple
times. In a 6-year study ot Bufo boseus m northern Colorado,
Cormn et ol (1997) caplured 401 males und 87 (emales. While 96
(24%) of the males were caplured more (un once, only six
(7%0) of the lemales were recaplured Another long-term study
of B. bufo in Britain reported the caplure of 3178 lemnales, but
only 453 (14%) were recaptured more than once (Reading
2007). Kuhn (1994} documented the capture of 2385 [emale
commaon toads with only 329 (14%) recaplured. In a moie
recent, bul shorter (3-year), study of two tropical bufonids,
B. schnewderr and B, rubescens, Vasconcetlos & Colli (2009)
captured 14t males (B. schneidere 66, B. rubescens 73) and 22
females (B. schnetders: 9. B. rubescens: 13). These authors noted
that 4% of the mdividuals for both species were only captured
once but did nat provide statistics specific to each sex,

These studies ure consistent in their relatively Jow numbers
of recaptures for females. We hypothesize that female bulonids
arc capuured less freguently for the folloving reasons (1) they
are not present al the breading site because females skip breed-
ing opportunities (1.¢. lemporary emigralion is occurring); and
(2) when they do breed, they remain at the breeding site for g
shorier period of time because females congregate and disas-
semble in a more random fashion thau males G e in a typical
explosive breeding sitvation the congregation af males 1s rela-
bvely synchrenous). These hypotheses Tollow the generally
aecepted paradigm Tor female bufonid behaviour armving
after males, breeding, then ceticating to sumimer halntal
(Davies & Halhday 1978; Stebbins & Colen 1993, Frétev er of
2004), bul these bypotheses lack quantitative support.

Male survival rates are aften used in models because data on
females s lacking (e g. Biek ef «f. 2002: Vonesh & De la Cruz
2002). For example, ecological sensitivity analyses indicate that
adult survival has a strong influence on population growlh
rales of several species ol weslern anurans (Biek er af 2002).
They wargeted lemale survival ruie 1s a focal paraineter because
teinales produec the offspring. but in pracuice they substituted
male survival esumates (Biek o7 . 2002) Substituung male-
speutiic daia (1o, survival rates) may lead Lo erronzous conclu-
sions, To address 1kis Jack of information for female bufonids,
we applied the multi-slate open robust design (MSORD? (Sch-
warz & Swobo 1997 Kendzll & Bjorkland 2001; Kendall &
Nichols 2002) lo a T1-year captnre recapture data set [rom a
single population ol boreal toads (B horeay) in central Colo-
rado, USA. Our goals were Lo assess lemporary immigraton
as manifesied in the (ransition between breeding and non-
breeding states in a female bufonid and 10 provide an unascd
estimate of sursival.

Materials and methods

We cotlecled data using the robust design framework (Poliock 1922:
Kendall & Nichols 1995). Within cach Greeding seuson from 1999 to
2009. we conducted multiple samplng sessions ai the breeding
pond of a popuianon of boreal toads (B. horeas) al Denny Creek
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(Colorade) 3360 m clevation) Anmals were capturcd by hand, ar

ahl (for site desenption and detated methods, see Scherer, Mutlhs,
& Lambert 2008). Thes speaies has sulfered populition dechines in the
Rocky Mountains since the mud-1950s (Carey 19930 Muths er al.
2003) and has been considered (o lisun,
Enlangered Species Act. Recently, the US Fish and Wildhle Service
(USEWS) has been served with a ‘Notice of [ntent 1o Sue’ by a
aon-governmental consecvation orgamization (T [reland, LISEWS,
pers comim ) indicating thai the federal status of the boreal toad s

2 under the federal

uniesolved.

We reler o the pariod of time over whuch sempling was conducted
cuch vear oy the pnmary perrod @nd  the sampling sessions con-
dacted wathin each primary period as capture occasions. During cuch
capture occasion. the site, including adjacent wetlands and errestriul

pus. was searched aud wads were captured noindividual plastic
hags New caplures seceived 2 passive integrated ainspoider (PIT)
tag with o unigue aumber Recuprured anumals were measuied, ther
PIT tag number recorded and then reieased.

We used two models Lo analvse the diwa For the majonity of the

analysis, we used Lhe velatively new, mulli-siate, open robust design
model (MSORD: Kendall & Byorkiand 2000y m progianm siakk
(White & Burnhamn 19691 This model incorporates information on
within-year dynamies i addition Lo our tarpet pavaraeters of survival
und temporary emigration. IFor reasons chscussed below, we aiso used
the multi-state model) Lor lve recaptues {mulu-state mark aecupture,
MAMR; Brownie o «f. 19937 10 28sess putential bias in the parameter
extimales ftor the MSORD model We assumed that females in the
popdlativn were s one of (wo stales cach year: breader (present al the
hieedimy site and avaitaale for capture) or non-breeder (absent from
the breeding sile). As non-breaders were not present at the hreeding
site and, therelore, weie not avatlable lor capture, the ‘non-bregdes”
state was unchservable (semsy Schaub er af 2004; Vasconeellos &
Coll: 2009),

KMULTI-$TATE OPEN ROBUST DESIGN

¢ twar elemnents m the MSORD model: (O paramelers {0t

Al
maodeling movement dynamics and eaplure probability across cap-
tuie oecisions within eich primary period (e within vea i and (2)
pasametets for maodetling the changes w derpographic values (sui-
vival probahdily asd tesmpotary aagiation) between primary pernods

{1e befweed yeuts)

Element 1

Ingeneral, movernent and sampling processes within primary peviods
we modziled with two Lypes of parameters pent. the probahiiity that
an ndividaal m stare & (o breeder or non-breeder) enters ihe study
drca (Gst before capture occasion ) within primary period ancd g, e
prolabiliny that g mdinidual in state s remains in the stody areda
s gand 7o+ Lwitbin primary period 1 given

l)LE!‘.\’CC‘l'] CBRILITT 00
that 4 nad previously entered the study area, The probability of cap-
tae, o 1s the probabiliny that an individval s stute <13 detected on
agcasion y of primary period b grven that it 15 18 the study area, The
viode! atfows indnadugls W enter and exiy the population orce during
¢ privnary penod (e mdividuus cannol enier the study area agam
aftel extimg withim the same year) {Kendail & Bjorkiand 2001}

Eiement 2

Changes in demographic parameters between prinary penods are
madelled by 57, the probability that an indrvidual 1 state v survives

Iovidence for skipped brevding oppoi runittes 128

Irom pomary perioditos | u’J}’ NP the peobability that an individ-
ual transitions from a breedei to 4 non-breeder state betwesn 1 and
1 — | (re. becomes u temporary eormigrant) and P M the probahil-
ity that an mdividual remains a non-breeder between tand/ — )

In the application of this model ta our data, we assumed thar non-
breeding (emales would not be at the breedimg pond atall and theve-
loce. set the probability of entry into the study arca lor non-breeders
{(pen)®) 10 0. As our dara were relanively sparse. we evaluated models
with few parameters. Previous studies have noted thal feinale bulo-
ssemble 1n 2 inore randem fasluon than

wids congregale and dis
males. and geneiaily arvive at breeding sites later in the breeding sea-
son than mules (Davies & Halliday 19780 Fretey ¢r of 2004, Siebbuns
and Cobets 1995, EM & RDS. pers obs ). Therelore, we Iy pothesized

thai penz® would be Ligher in laler capure occasions We chose 10

gxamiue thiy pattern o the probabiity of entry via linear., pentiin-
car). and quadrane. pert(guad), models as well as evaluating muodels
trat dllowed the ocar and quadratie celanonships to vary henween

2urs (e, ime): pent(r ~ Jinear) and pent(r < quad) We also allowed
pent o vary among all capture occasions and all primury periods
[peni(fulliiae)]. Finally, we hypothesized that the pent} would be
the same across caprure occastons j but would vary among primary
periods i, pentprimary.

Once indmaduals have entered the population. ¢ desarnbes the
probability that they remais at the breeding site for snbsegueai cap-
ure occasions. As we assumed Lhat non-breeders were not present ai
the breeding site we set all e;)“\” w3 Far breeders, we pyputhesized
that the probability of remanmy ¢ the breeding siie would be o fune-
uon of the lengtix of tune tliat an individual had already been at the
breeding site (e the number of capture occusions sinee the individual
arrved it the breeding site) and denoied Gus model as @(slay) We
expected esnmates of q;:f lo be low ire females do not slay at the
breeding wite very long) 4nd to be smaller the longer an indrvidual vas
present al the breeding sie based on our supposiion (ahove) that
Iemales move intn and away itom the breeding site quickly relalive to
maies We also evaluated models m wluch &2 varied amoug ull cap-
ture oeeastons and all prumary pertods, g(fullime), and medel strue-
tures where qo}j was constint aeross cupline accasions / and paunary
peniods g, )

We set the capture probability of non-breeders, p*% 1o 0 We gral-
wated thee maoddeis of capture probakality tos breeders, p!f, Tulitnne’
and (bf‘) and a mode

and ** madels {as desenibed above for the pent®
whare;}f" was allowed to vary wmong primary periods but aot wmong
capture vecasions within primary penods [denvted as p(primanyj).

After evaluatmg  structures  for primary period parameiers
(element ). we turned to the between-year parameters (element 2);
the probabilities of annual survival and remporary emigranon Ay
non-breeders are not observable, the maodel requires that we asswme
that survival probability in breeders is cqual 1o sarvival probability 1n
non-breeders (5% = $¥%) (Kendall & Borklsnd 2001)

We awessed two models lor SP: one representing an daverage
annuai probability of survival { ()} and one ailowing variaton m the
probablity of survival umong years [5()§ such that survival prohabil-

ty was estimated {or each year.

Transition probabilities () describes the probelulity ol a breeding

individual becoming 4 non-bieeding laddual (45 ™) and a non-
breeding indmvidual remaming a non-breeder (™" *). Boreal toud

females, among other bufomds, are thoughi nut io breed every vear,
but 10 skip one o1 mare vears hetween breeding (Olson 1992 Cora
ot af 1997, Carey er af, 2603 Bnli & Carey 2009; hut sez Yasconcellos
& Colli 2009). The physiological requirements ol female Ltouds (¢ g
acquiring adequare cuergy 1o yolk ¢pgs) support the phenormenon of
skipping hreeding opportun,

s (ie. temporary cmigeation). These
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physeiogcal offorte require adequate rescuress during 1he growing
seeson, il cac e cumproniised by nparucularly garly winter or lare,
cold spring (Torgensen 1992, Ruading 20073

Hypothesizzng that females may be physiaiogicaliy unable o breed
every yens, we expected that the probability of transinoning from

eeder (™) would be greater than trunsitionmg
NBEBy T

breeder Lo non
from non-breeder to nen-breeder stale (\ tar s, 1L is more
likely to become « non-prexler ovee an :ndividual has been a breeder
This scenana. where breedmg statas depends on the bresding stutus
oi the previous year exemplifies first-order Markovian (1.2, non-ran-
dom) temporary engration (Kendall, Nichols & tlines 19973 T -
thermore, grven the construnts associated with bving 1 a harsh
coviponminent, resting’ (e skipping dan opportunity b atler a year of
¢ be obligatory  In view of these hvpotheses. we evalu-

Brecdun

ated severy models st we assessed pistue), which refleets differ-

ences 1 ransition prohapilities between states Le Markovian

REND BN Second we tested a model

temporary cmsigration (g
that Tiaed the tansitton from  breeder to non-breeder to 1,
(B — NB = 1), which tests the sappesition that tlan mdividual s
a breedir m yemt 1. then that individual 15 obliged Lo be a non-hreeder

nivens 2 Liied, we allowed differences in Lransilion probabilities and

varialionaeross years { = me) ¢(state X time) and finaltly. we eval-
aaicd the model w(?), that fransition probzhilities breeding to non-
preeding and non-breeding to breeding are not diferent tie randor
] ling and breeding ro breeding tdird ti.e random

temporary emigration) (Table 1),

MODELLING PROCEDURE AND GOODMNESS OF FIT

Although we ware primardy interested 1nestimatimg survival and
wriaustbon probabiiiugs Tod fermales, appropriite assessmenl of move-
menl dynamies and capture probailny withig cach primary peniod
Czlement |1 tiie MSORD model) was essenval to avoid bias and
nnprecison i the parameiers of interest. We bean our analysis by
using the mwost highly paramererized model of the between-year
parametars, that (s, we structured survival probabiliy s time-specific
(STefy and transivion probability as state and Limg dependent ista-
e x ume), then kept this struciure constant while we evaluated mod-

sls of pent?

velded foar maodely with AAIC, < 20 (Burnlam & Anduerson 2062)

@ and 7. Thie evaluation of the within-year parametcrs

Thuse strectures on pent’, i

o, and p; were retained when evaluating
DELween-yCul parimelers usnhg all possible combinationy of models
for Sand v We assessed poodness of fit of the MSORD using pro-
erang okpstrvic (Rendalt & Bjork land 2001)

MULTI-STATE MARK--RECAPTURE

MSORD modet lit
the dara poorly [Uis important (o note, however, tuu thus test {the

Goodness-ol-fit testing suggested that o general

Pearson chi-squdred goodness-ol-6t test) can oo frequently reject the
nall bypothests of gdequate i1 when Lhe datu are sparse (Kendali &
Brockiand 20010 Willlams ¢/ o/, 2007). On the other hand, a possible
cause of the poor fit el the MSORD model 1o the data 15 muluple

entrances and esrts of mdividuals inte the site within prinwary penods
(1 belween capture oceasions) 1T the mwodel fits the ddia poorly
- Therefore we

saruneter estomates from the uodel may be buas
chose to anaiyse the data using asecond model to look for evidence of
bias in pdrameler estmates.

We used the MSMR mudel (Browme e of 1993) which requires
pooling dala across capture occastons within 4 primary pened (i.e
each sndividual is considered captured or not for each primary per-
i0d}. By pooling wcross capture occasions within each primary penod,
we eliminaied (be potential problem of muluple entries and exits and
the estimation of the movement parameters wihin primary periods
(penty, and ;). The remaimng parameters from the MSORD model

7

. o BN NH B

are included in the MSMR model (52, SN @2 My 8 50wy

M although p! und p ¥ have a shightly different werpretanon p¥

15 the probability of detecting a breeder at least onge during primary
N

The sec ol madels we evaluazed using the MSMR modcl were stiuc-
turally sumilar to the models we evaluated using the MSCQRIY moclel

peod fand 0 18 G

and we conunued (0 assume equivalent survival probabihties for
breeders and non-breeders. SM = 87 Wih this constraiut in place,
we evaluated modcls 1n which survival probability varied [or cach
year [S(N], and was constant across yewrs [SC)] We evaloated lour
structures on transilion probabibity. (1) transition probability from
brecder 10 non-breeder varies over Line and is dillerent trom the tran-
ssien probability from non-hreeder to non-breeder fwfstate X 1)), (i)
tansitien probabidity 'row hreeder to nen-breader does nut vitrs oves
uine but i different from the transiion probabuliey from non-breede:
10 non-braeder (fistare)l, (n1) trassition probability from breeder o
non-bresder v one and s different fron: the ransitenr probabilis
front non-bieeder o non-breeder {wfstate, B - NB = []) anc {v)
ransiiion piobahility to non-breedar does 1ot vary acioss ume o:
depend on an lndividual®s state m the previous breeding season (1))
Fimdly, we evaluared two structures on pj", We allowsid vanabion
acriass years [p(/)}) or assumed it was constant across veass [plr)) We

evaluated every possible comlination of the model structures far
(BN
i/ta

these paramelers and derived modal-averaged estimates of S
N

and i) Ll

AISORD medel. we compared those estimates with the model-aver

To evaluate potenbal hius tn parameter estimeates from the

aged estimates from the MSMR mode! We used the median ¢-hat

procedure 12 program stark (0 estmate the Jevel of over-dispersion, ¢
1 the datd for the most parancterzed MSMR modei

A common problem in analyses of capture—recapture data s tatlure
ol the estitation procedure 1o produce estmales of soine paraimelers
ma model [n particular, the falure to gencrate an estinaie can octw
when the estimate is near the hounds of the range of possible values
(i e anestimate of survival probabrlity near 0 or 1) Tnstances in which
some parametens are not eskimated are irmporiant to consider because
non-estimation of a parameter can cause bias in esymates ol other
paramerers. In this analyas, the estmaonoen procedure {ailed te pro-
duce estimates fon some parameters o many models i every case,
the parameters that were not estimated were nuisance paramsters i) ¢
they were not the parameters of prumary interesl, survival and

Tubie 1. Results of modet selecuon for the assessment of within-year pavameters (lement 1. pent. ¢ and p)

Delta
Model QAIC, QAIC, wi(/) k QDeviance
L8500, Glstete 3 U, pentiprmary), dstay), p(9)} 6076 0 086 44 496-4
180, Wistate x 0, pentiprimary). $i). pi); 6112 AN 014 41 094
(S0, dsate x 0, pentr » lneur), o( 3, p0P 6224 14-8 < (Gl 5l 4881
{5(0). wisiale X q). pentir X lincar), dlstay). p()} 628 3 2009 <00l 54 45836

&0
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rrnsitnn probabiives) Mo deal with this problem, we exanuned the
raw duta o determine i the value ol a parameter that was not
estimated was near0 o1 | I that was the case, we Bred the paramcta
(e e relevant value and ran the model 2gain. For example,in the top
modge! frow the MSMIR analysis. caplure probabdities 1n years 2000
and 2001 were not eaUmaled. Examination ol the raw data indicated
that p far 2000 was elose Lo U (e no toads were re-captures i 20003

and p for 200§ was elose to | (e many individuals wece re-caprares).
Therelure, we set Lhese capture probabihues to 0 and [ respectively,
and van the modei agany Resulung estimmares of the targel parameters

were naely identeal 1o our onginel models.

Results

DATA SUMMARY

We cuplured 124 Temale toads over |1 years (113 per
veuary The resalis of the goodness-of-fit test for the MSORD
medel indicated poor fit to the data (* = §7-59, £ = 00002)
and noderate over-dispersionn the daa (¢ = 1:95).

MSORD MODEL SELECTION AND FARAMETER
ESTIMATES — WITHIN-YEAR {ELEMENT 1)

Using the general structere for survival and transition proba-
S0 and i(state x 0. we explored different structures

hiliue:
lor the within-primavy peviod parameters {Table 1). In the sel
of candidaie models, the data provided strong support
{n, = 086} lor a single structare: pent(primary}, ¢(stay), p(7)
{Table i). Contrary to our hypotheses. estimales of pent! from
the top model suggest that the lughest proporiion of females
were present al the breeding site during the frst capiure vcea-
sion cach year, and Thal smaller proportions arrived later, For
example, the estimate of pcnl}; for the first accasion in 2001 is
(&S and estimates of pcnl;? for the remaimng caplure occa-
stons i that year are <003, The lop model indicated that once
aL the breading site. the probability that a female remained at
the breeding s in subsequeni capture occasions (@), vaned
by the length ol fime the (emale had aiready been au the site.
[Due o the sparseness of the data. only one estimalte of ¢, was
reiwrned Nom the lep model: therefore. we present the average
value for @ from the second ranked model: = 056 (95% C1
(i-32-40-78) and provide information {roim the raw data to dlus-
izate the bebaviour measuted by this parameler. No females
were capiured i convecrive years and only 61 (499%) were
caplured imore than once during the entre study. Of the 61 that
were recaptured. oniy 39 were capturcd more than once within
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a pamary period. Seventy-seven per venl (30 of 39} ¢f the indi-
viduals that were encountered in more than one caplure occa-
sion per pramary period were captured in conseeurn-e occustons
I we nse the estimate ol 6:36 for ¢. the probability of remam-
mg i (he study arca (or two consecutive capture occasions
would be (:56 % 0-56 = 031 and then decrease by 26 foi
cach capture oceasion thereafler,

Finally, the structure of p, in the top model suggested low
capture probabulity for females and low vanability in capture
probability across primary periods and capture occasions
within breeding seasons (p, = 0-22,95% CT0-15-0-30).

VMSORD MODEL SELECTION AND PARAMETER
ESTIMATES -~ BETWEEN-YEAR (ELEMENT 2

The data provided support (or the Nirst twe models (combined
w, = 095), although the top model received considerably
higher support. The wp two models differed only in the struc-
ture of Y V% (he 1op model fixed ¢*N 10 1 tie. breeders
always ransit Lo non-breeders the following year) and the sec-
ond modet allowed W5 ™" (o be esumated from the data, Esti-
mates [rem the two madels were nearly identical; thevefore, we
report the estimates from the top mode] only (Table 2 and
Table 2).

The structure of the top ranked model indicaied that sur-
vival probability in boreal toad females vaned litlle between
years (5 = 037, 95% CI 073 095) and that the iransihon
Irom breeder to non-breeder was obligatory (e y® % =
The probability that an mdividval remamed a rou-breeder
after skipping breeding the previons vear, w™° ™% was 0-64
(95% C1 0:3&-0-84) (Table 3). Therelore. temiporary emigra-
ton in femade boreal toads is Markovian: the probability that
Table 3. Estmates of  key demographic parametlers  survival
probabitity [or breeders and non-breeders, $%: the probubilinn o
transition lrem breeder 10 non-breeder. y” N and the probability of
leamsition fiom non-brecder o non-breeder. o0 N from the
MSORD (Lop madel) and MSMR (modal-averaged) maodels

MSORD MSMR

090 (74 097
100 (098100
063 (044052

Parameler

St OR7 (0 73-093)
PRI )

i, 100 (hxed)
iR 004 (035—0-¢4)

Numbers in parentheses represent 95% confidence intervals In
the top model from the MSORD, *™" was Bxed 10 | and was

not cstimated. i

Table 2. Results ol model selectcn for the assessient of between-year parameters (clenent 2; survival and g)

Vioael

(SC)wiB o NB = 1) pent{pranary), ¢istayy e
VSU) @ neie) pent(primary), ¢{stax), gu);

(SY B — NB = L, penuprimary). (), p( 1}
LSTY di(veate), peatfprimary ), o), pi}

Delta
QAlC QAL wir) h QDeviancy
0o 073 1% 5003
24 022 19 SHLS
&4 003 15 4250
8 001 16 3250

Madels with Delta QATC. » 10 ant showa
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& lemwle ships breeding i a particelur vear depends on her
breeding status the previous year. These results supported our
¢bservalions lrom the raw dala (no females were encountered
in conseculive vears) and owr hypothesis that females skip
breading opportunitics frequently. Tt is important to note that
same parameters were ot estinated despite the relatively low
number of parameters in the top two models. We discuss the
issue of non-estimation earlier w the modelling procedure sec-
fon,

MULTI-STATE MARK.RECAPTURE MOOEL

Lader the MSMR model. estunates ol the over-dispersion
patameler. ¢ weie small (¢ 096, 939% C1 063 1-305. This
ests thal pooling across capture sessions withm primary
periods addressed some of the lack of fit of the MSORD
maodel. Model-averaged cstimaltes of Sf', u’x? G j‘!H Bk
rom the MSMR model were neatly identical to those from the
Lop mode! from the analysis using MSORD (Table 3).

suge

and W

Discussion

There are reisons why precise esmnates of demographic
parumeters for Jemale bufonids wre rave. Differences in
breeding behaviour and  the assumptons of (raditional
capture-recapture models (e.g. the CJS model) conspire 1o bias
demographic studies and miormation resuiting from (hem,
towards males. Despite the difliculiies, 1t is unreasonable 1o
expeet ecologically accurate conclusions and predictions aboult
cmaics  and hence populations - based on models that use
data oaly from males, Given the current world-wide amphib-
o erisis, demographic data that accurately reflect an entire
ponulation snd not one sex only., are cven more vital,

We nsed contemporary caplure-recapture modals to esti-
mate st vl and transition probabilily between breeding and
non-bresding bulonid females in the emperate zone, capizaliz-
ng on o recendy developed model (MSORD) that relaxes
some of Lthe problemaue assumptions ol earlier inodels. The
guodness-of-fit Lest suggested poor fit of the MSORD model
o the data, and not alt parameters were csmated. even in the
top models. Nowbly pent, (probability of entry) and 7 (prob-
ability of staying once the animal has arrived at the sile) were
not estimated i the MSORD model. Because of these difficul-
ties, Lypical with sparse data, we also assessed the dala using
the MSMR model The fact that imodel results were gule simi-
lacsugpests that the un-estimated parameters were notof direct
cunsequence (o ouy focul parameters of i and S and therelore
did not affect the estumates.

ESTIMATING SURVIVAL AND THE PHENOMENON OF
TEMPORARY EMIGRATION ARE ENTWINED

Estimutes of survivad (rom the CJS model are biased in Lhe
presence of non-random (Markowvian) temporary cimigration
such that use of the CJS model implies that no temporary
emigralion oecurs, A cursory eaanimation of female bufonid
physialagy and ceology, especially of those species living at

higher elevaucas. strongly suggests that it is biologicalty unre-
ahstic (0 asstine that sainc sort of emporary emigration does
not oceur. As ‘capilal breeders’ (sensie Bonnel, Bradshaw. &
Shine 1998), female bufonids acquire and store energy for epg
production prior to the brecding scason rather than during the
breeding season [e.g. In temperale zone anurans, fat (energy) is
nolt accumulaled unul alter the completion ol breeding,
Jorgensen 1992]. Animals living at the edge of then climauc
range are probably fuced with harsh environmental cond:tions
that potentiaily resinet invailable resources and the opportunity
to aceess them This scenaro allows for & proionged period of
enercy acquision {e.g. tnorve than a year) and thus skipped
breeding opportunibes.

Boreal toads in the Rocky Mowuams are a good exarple o
such a temperate zone bufonid. These toads typieally live al
elevations over 2286 n (Muths & Nanjappa 2005) a( sites with
short growing seasons and harsh winters, Females have greater
znergelic requirements than males (Carey e/ «f. 20035). imiled
ume to acquire resources and & relanvely long hie span (10 or
maore years) (Olson 1992 Carey ¢f af. 2005) These charactons-
tics sugeesl that fomaies are physiologically and environmen-
tallv constrained such that skipprag breeding apportunities
may be obhgatory.

TEMPORARY EMIGRAT:ION

Temporary emigration is an important and understudicd conmi-
ponent of bufornd behaviour. We present evidence thal lemale
boreal toads skip breeding opportumdtics, (hat the wansiton
[rom breeder to non-brecder 1s obligatory and the probability
of transitioning from non-breeder to non-breeder is 6%,
Incorporating our estimated survival prabability ((-87) and
taking inlo account obhgate non-broeding the first year afler u
breeding event, we expect thal 27% of lemales will bieed the
year [ollowing a skipped opportunily (survival in year | x sur-
vival in year 2 x the probability of transitiong from NB (o
B — 087 x 087 x 036 = 027, Followmg that logic, 73%
wili skip two or more breeding opportunities (1 - 027 =
0-73). These hindings quantify the 1dea Lhat some ileroparous
animals, including bulonids, skip breeding opportunities {Buil
& Shine 1979),

We contend that skipping breeding oppertunities lacihtaies
the acenmulzlion of energy necessary lor breeding. perhaps a
crineal concern an areas where high elevations and low temper-
atures potentially curtail foraging, zrowth and vitellogenesis
(Bull & Shine 1979, Duelliman & Trucb 1986: Feder & Bure-
eren 1992), Furthermore. the probabiiity of teinporary emigra-
ton in feinale boreal toads is lugher than in male boreal (oads,
where temporary emigration for most years 1s low (003 (23,
Muths er «f 2006), Our results supportearly reports ol breed-
g intervals of greater than 1 year in bufomds (Bragg 1940
Blair 1943) and more recent studies that aliude o temporary
emigration (see Introduction).

Understanding temporary craigration in femile bufonids
ano recognizing potential differences between populations or
species at high and low elevations in (he frequency ol skipped
brecding can be instructive and sels the stage lor evolutionary
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questions about litetime lecundity. selection and the influence

af environmental conatramis

SURVIVAL

We assumed cqual survival probabilities tor breeders and
non-breeders because survival is inesumable for the unob-
served stale (non-breeder). This assumption can be sup-
ported or refuted based on standard hle-history theory. It
can be arpued that non-breeders do not bear the cost of
reproduction {travel, cgg volking and compettion) and
thetelore mmghi have lugher survival (although 1o this case,

same encrey would be expended in the protracted ellort of
volking eges) On the other hand., il can also be agued that

only vorv Iit 1oads breed so thai cven with the increased visk.

survival in breeders is about equal o the less it non-breed-
ers This is relevant o how we interprel ow estimates ol sug-
vival and Jongewvily. Estimates of supvival probability of
females lrom this analysis are high (87%). consiatenl across
vears and bigher than ihe survival probability reported for
common foad lemales in Burope (38%, Schimidt er al. 2002)
and wads in a neotropical savanna (~37%. based on esti-
males of monthly survival probability of 92%. Vascorcellos
& Coil 2089) The estinutes lor (amale boreal wads are also

sher than values reported for male boreal {oads (Corn
ef af. 1997, Scheret e al. 2005, 200&; 074 483) Flowever, of
the swivival rafe 1 coostant among hreeders and non-breed-
10 yeurs and

erse few ammals will survive up Lo the age of

further exploration of survival differences betsveen breeders
amd non-hreeders would be instructive. Use of survival esti-
mates from our analysis Tor temale boreal toads (rather than
the male estimale nsed) would not change the conclusions of
the previons sensitivity analyses of Bick er al. (2002) and
Yonesh & De la Cruz (2002) because (ke male estimate they
wsed 1 their models was also relatively high (78%4), Tl any-

A reducnon m adull saivival rate

thing, then conclussens t
would have stronger eficets on population growth rates than
reducticns in other vital rates are mugnified when lemaule sur-
vival is higher. However, of female survival was substantially
lower than the survival estimates for males used in the analy-
ses, thelr conclusions may have been dilfereat.

This partsealar example. where survival razes between male
and female woads were similar, would be unlikely Lo influence &

conservabion decision negatively, but as leng as results denved
Nem smgle sex paraneter ostimates are applied o entire popu-
lations. withoal knowledge aboul sex-bused parameter differ-

erices, the potenta for such a misinformed decision is present,

SVPLICATIONS

Sample size ssues rmake 1 difficuit wo pinpomnt the exact pal-
ter of the arrival and depaiture of females (o the breeding
site during a primary period. but our evaluation ol parame-
ters withim primary periods provides some msighls into these
patterns. Qur work and earbier studies (Davies & Halliday
19780 Stebbiny & Cohen 1995; Frétey cf ¢l 2004) suggest
that Cemales mrive and depart in a lashion different (rom
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males. Contrary lo our @ priore hypotheses. the (op model
suggosted that most lemales were prescut af the breeding site
at the first capture occasion, and smalier proporiions entered
the breeding site prior Lo later capture occasions in cach pri-
mary period. Owr results also mdicared that abour hall of
the females (thal were present al the breeding sile on one cap-
ture occasion lefl prior o the next capiure occaston Muths
et af. (2006} found lwe cvidenee ithat males entered the
breeding site individually or that males left the breeding site
during 2 primary period. Rather, those data suggested thal
males remained at the breeding site from the first to the fast
caplure occasion 1 most years Addiionally, we may be
dealing witli an unobserved stale nested within an observed
state. that . fonales ay enlter the breeduag site, breed, thea
slay ar the breeding site but move wo adjacent terresirial siles
{underground or otherwise camoniluged). removed fiom ihe
visks of breeding yof unavailable for capuie This unob-
served staie, occurning ab the breeding sile where we are
assuming observabilits. coulkl be aflecting the arrval and
departure daia and possibly conlributing o the observed
fack of fit and the low (0-22) caprure probability. The corrent
analysis suggesls that earlier. and perhaps more (reguent,
caplure occasions within the breeding season nay help 1o
clarifv airival and departure patterns of female buforuds and
thus benefit suhseguent analyses,

Ceonclusions

Understanding  the belhavioural components ol breeding
activity (c.g. Leniporary emigrition). and the impacis on sur-
vival is necessary o thoroughly comprehend the deniogra-
phy ol a species. The contnued dechne in amphibian
populations, set against the backdrop of ecologeal distur-
bance — climate change. disease or iniraduced predators -

importance of acquiring sex-specific estimates for critical

riher emphasizes this npeed. This study highhghts the

demograplue parameters, espectally when behaviour suggests
thal snch estmates might be dilerent. und provides an
applied cxampic of the usc of the apen robust design model
o elucidale population dynamics. Our exampie highhghts
the information gamed by establishing the occurrence and
patiern of lemporary amigration m a population  Spectfi-
cally, we are able Lo provide an unbiased estimale ol the
probability of survival and quantitative evidence that femile
boreal toads skip breeding oppor(unities 1 a non-randont
(Markovian) fashion — information (hat provides important
insights into expected patterns in breedmy eflorts.
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