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We used mark—rccapture estimation techniques and radiography io test hypotheses about 3 important aspects of
recruitment in big brown bats (Epresicus fuscus) in Fort Collins, Colorado: adult breeding probabilities, Iitter
size, and Ist-year survival of voung. We murked 2,968 females with passive integrated transponder (PIT) tags 4l
multipie sites during 2001-2005 and based our assessments on direct recaptures (brecding probabilities) and
passive detection with automated PIT tag readers (1st-year survival). We interpreted our dala in relation to
hypotheses regarding demographic influences of bat age. roost, and effcets of years with unusual environmental
conditions: extreme drought (2002) and arrival of a West Nile virus epizootic (2003). Conditional hreeding
probabitities at 6 roosts sampled in 2002-2005 were estimated as 0.64 (953% conlidence interval [95% CI =
0.53-0.73) in 1-year-old lemales. bul were consistently high (95% C1 = 0.94~0.96) and did nol vary by roust.
vear, or prior year breeding status in older aduits. Meao litter size was 1.11 (95% C! = 1.05-1.17), bascd on
examination of 112 pregnant females by radiography. Litler size was nol higher in older or larger females and
was similar (o resulls ol other studies in western North America despite wide variation in laticude. First-ycar
survival was estimated as 0.67 (95% 7 = 0.61-0.73) for weaned females at 5 mateinity roosts over 5
conseculive years, was lower tban adult survival (0.79; 95% C1 = 0.77-0.81), and varied by roost. Based on
modcl selection criteria. strong cvidence exists for complex roost and year effects on |st-year survival. First-
year survival was lowest in bats bom during the drought year. Juvenile females that did nol return o roosts as 1-
year-olds had lower body condition indices in late summer of their natal year than tbose known to survive,
DOL 10.1644/08-MAMM-A-295.1.
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Recruitment is a inajor component of population dynamics.

conditional bieeding probabilities (Nichols et al. 1994; Whiwe

Data neccssary for understanding recruitment are rates of ¢t al. 2006) is being applied increasingly in studies of
reprodiction of lemales (breeding probability), number of  mammals because il is an important demographic parameter
woung produced in a litfer, and survival of young (o thal quantifies a critical cornponent ol recruitment and helps

reproductive age. Knowledge about sources of varjalion in
these parameters in bat populations is hmited, particularly for
1st-year survival (Frick et al. 2007; Pryde et al. 2005; Sendor
and Simon 2003) und breeding prohabilities. The objectives of
our study were to lest hypotheses aboul these aspects of
recruitment in a population of big brown bats (Eptesicus
Juscns) in Colorado through the study of marked individuals.
In particular, we sought (o test hypotheses that breeding
probabilities in our study population vary by age of female,
roost. prior year breeding status, and year. Estimation of
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form life-history theory (Beauplet 21 al. 2006; Hadley et al.
2006; Kendall et al. 2004). Our hypotheses about possible
effects of the above factors on brecding probability are hased
on evidence from other specics of bats that not all females
produce young in their Ist year ol lile, with a delay in reaching
sexual waturity thought to increase liletime reproductive
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TanLe L-—Environmental conditions thar differed aineng years and predicted effects on Ist-vear survival or breeding probabilities of female
big brown bals (Eptesicus fuscus) in Fort Collins, Colorado. Precipitation and Palmer Drought Severity [ndex (PDSI) data are for Apnl-August
cach year. Lower PDSIs indicate greater drought. and a value of 99 mdicates average conditions (Colorado Clinate Center 2006). Sources (or
West Nile virus epizootic and permethrin application data are given in the 1ext. 8 = estimated survival, 'l = estimated breeding prabability, NA

« not applicable to estimares.

Imual Favoonmen(al Telal Monihly PIDXSI]

yem conditiors precipitation (cnn range) Predicied subscquent effects

2001 Ny exiremes 21 .3 = 1.3 1Yy Nuo elfect on lx-year 5 W nol estimated),

2002 Extreme drought 935 —4010 —2.2 Yeav ceffect eapected in Ist-year . Year eilect eapected m W o
females > 2 years old il drought effects on breeding are
immeliate

2003 No drought; West Nile vivas 262 —“15wls Year clfect expected i 1st-year S i suscepuble w monaldy lrom

epsgutie, parmethitn use West Nile virus or pennethrin. Year effect expected 1 ‘P an
females > 2 years old if drought effects from 2002 delayed. ou
breeding impacted by virus (permethrin applied after breeding}

2004 No deought 29.7 =31 w9 NA

2005 No drought 266 24w 5.1 NA

suceess (Racey and Entwistle 2000; Tuttle and Stevenson
1982). A limited amount ol evidence also exists (or year
effects on recruitment in bats due 10 aonual differences in
weather patterns (Grindal et al. 1992: Lewis 1993; Ransome
and MeOwat 1994), including curtailed breeding during years
witl: prolonged drought (Rhodes 2007). Reproductive success
in big brown bats has been suggested to vary by roost (Lausen
and  Barcluy 20606) due to differences aniong roosts in
favorability of thermal environments: to our knowledge the
eflects of prior year reproduction on breeding probability have
niel been examtined in buats, We also tested the hypothesis that
ithe occurrence of singletons or twins corresponds with age or
size of mothers.

First-year survival was the 3rd key component ol recruil-
meanl thal we evalualed lor hypothesized effects ol age. roosl.
yeur of stady., and their possible interactions, We predicted that
Iat-ycar swvival would be lower than survival of older bals.
This can oceur i youny af the year have grealer vulnerability (o
predalors than adelts or an inability (o gain sufficient energy
stores {or suecessful hibernation. Evidence eaists for difleren-
tal Tst-year survival in other spectes of hats (reviewed in
G’Shea ct al. 2004). Year effects were an important aspect of
hypothesis testing for both breeding probabilities and survival
because the study arca suffered a severe drought during t year
(Piclke er al. 2005), and another year was marked by the arrival
ol the most virulent phase of the North American epizootic of
West Nile virus (Bode et al. 2006: Nemeth et al. 2007), with
accempanying application of insecticide for vector control
{(Bolling et al. 2007, Year eflzcts in breeding probabilities and
sprvival were predicted i this popuiation was 1mpacted
negatively by the dilferent cnvironinental conditions  that
oceured in these 2 years. Research on possible impacts of
West Nile virus inlection on big brown bat popularions las been
encouraged (Bunde el al. 2006; Pilipski et al. 2004). and elfects
of modern insecricides on bat repraduction and survival are
poorly known (O'Shea and Johnston 2009,

Few iuodern ecological studies of bats have been conducted
wilh the objectives of festing hypotheses about sources of
variation in vital parameters (e.g., Frick ei al. 2007, Pryde et

al, 2005; Sendor and Simmon 2003). This stands in contrasl to a
large number of studies in the 1960s and 1970s that used
banding and ad hoc analytical methods to investigale bat
population dynamics (for reviews sce O’Shea et al. 2004:
Racey 1982; Tunde and Stevenson 19823, later curiailed due (o
concerns about banding injuries (e.g., Baker ¢l al. 2001, Jones
1976) and disturbance within nursery roosts (Shelticld ct ak,
1992). In this study we intentonally used more contemporary
mark-recapture analytical technigues (e.g., Lebreton et al.
1992; While ct al. 2006), alternative marking and detection
methods, and noninvasive evaluation of litler size.

MATERIALS AND METHODS

Study area. sudy population, and environmetiif ond:-
rions —We studied big brown bats in Fort Collins, Colorado.
clevation 1.525 m. Climate is temperare and sennarid, wilh
average annual precipitation ol 36.8 ¢m and average montbly
lemperatures of —2°C in Tanuary and 22-C in July (Colorado
Climate Center 2006). Big brown bats roost in buiklings m the
city during the summer, migrating to higher elevations in the
mountains to hibernate in rock erevices in automn (Neubaum
et al, 2006, 2007). We Jocaled maternily colonics by
radiotracking bats captured over water in parks and city-
designated natural areas, and through local knowledge. The
population is dominated by adujl females and young; aduit
males are more common at higher elevations in the adjacent
Rocky Mountains (Neubaum ¢t al. 2006} Roosts where we
sampled were chosen based on logistic and access consider-
ations.

Each ol the first 3 years of the study (2001--2003) nad
ditferences in potentiaily important envirommental cvents. The
area experienced severe drought in 2002 (Table 1), Drought
can reduee the abundance of insects in temperate zones (e.g.,
Frampton et al. 2000) and thus impact reproduction n
insectivorous bals (Rhodes 2007). We documented the
comparative extent of the drought for each year of the study
by compiting total precipitaion and the monthly Paimer
Drougbt Severity [ndex (Table 1) for the warm-scason period
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Iic. L~-Radicgraph of a near-tern pregnant female big brown bat
tlpiestcuns fuscns) wiih 1win fewses, Also note the presence of the
passive antegrated transponder (PIT) tag. which has migrated
subdermeally away from (s original dorsal insertion point.

when bats are most active (April-August) based on the dala
available for Fort Collins and Colorado Zone 11, north Froat
Range. and adjacent plains (Colorado Climate Center 2006).
The index is & standardized method [or measuring intensily,
duration, and spatial exient ol drought based on precipitation,
arr emperature, andd local soil moisture, with values rangiug
from —6.0 (extreme drought) to +6.0 (Heim 2002: National
Climatic Data Center 2007). In addition (o drought, the area
expericnced the arrival of the most virulent phase of the North
American epizeolic of West Nile viros in 2003 (Bode el al.
2006; Nemeth eioal. 2007). As a resuit, the pyrethroid
permethrin (a general insecticide) was applied for pnblic
health purposes in August 2003 (o control mosquito vectors
(Boliing et al. 2007).

Caprivre, handling, marking, and assessinent of reproductive
slerns —We capiured bats as they emerged from malernity
roosts at dusk (bats were caplured internally only ar 1 roost)
using mist nets. harp traps, (unnel traps, and handheld nets.
Buts were tansported to the laboratory where they were
tagged, wsampled, dand examined under [u!l illuminalion
(described in detail by Wimsatt et al. [2003)); bats were
released au the roost on the mght of capture. We individually
tagged bals (n = 2.968 females) by subdermal insertion of
pussive inlegrated transponder (PIT) tags (AVID, Tnc., Norco,
California) at the lower dorswn on their st capture (Wimsart
el al. 2005), and all bats were scanned by handheld PIT tag
ieaders at least twice during each subsequent caplure. Age
(volant juvenile or adult) and reproductive condition were
assessed based on critena in Anthony (1988) and Racey
(1988).

We atlempted 1o assess litter size in fenmales in late
gestation by palpaton and evaluared the accuracy of this
technique by subsequent cuthanization (with a kelamine—
xylazine overdose) and dissection (n = 41). Palpation was
anrchable for assesgsing litter size, and in 2005 we instcad
determined liver sizes in a larger sample ol pear-terin pregnant
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female bats using radiography (Fig. 1). These bats were
captured on 5 nighls between 6 and 13 June and wransported to
the radiology tucility al the Colorado Stale University
Velerinary Teaching Hospital, Cloth bags with bats were
taped to radiographic casscttes (5 bags per casseite) and
exposcd under a Mammoview low-dosc mammography
instrument (General Eleciric. Milwaukee, Wisconsing. then
released at the roost the same night. To avoid undue
disturbance at matemmity colonics, we did nol reguiarly capture
bats within roosts and have no data on young prior to tledging.
We assume that prewcaning mortality is low (1-7% in North
American vespertilionids thal do not give birth over water--—
Christian  1956; Holtoyd 1993: Humphrey et al. 1977;
O'Farrell and Studier 1973). Capture, markiug, sampling.
and cuthanization followed guidelines ol the Amertcan
Society of Mammaiogists {(Gannon el al. 2007) and were
approved by the Institutional Animal Care and Use Conirnil-
tees of Colorado State University and the Uniled States
Geological Survey. Bats were captured under authority of a
scientilic colleeting license issucd by the Colorado Division ol
Wildlife.

Estimation of condifional breeding probabilifies, {st-year
survival, and body condition—We used 2 diflerent data sets io
calculate breeding probabilities (see statistical methods later in
text) and a 3rd data ser for estiiation of Ist-year survival,
These different data sets were used to take advancage of the
largest possible sample sizes tor lesting different hypotheses,
We based the initial analysis ol breeding probabiiities on
known-age individual adult females physically capiwred and
cxainined for evidence of breeding at the 6 roosts samplied
cach year in Junc and July. The 2nd analysis was based on a
larger data set consisting ol all adults captured and ¢xamined
at these 6 sites calegonzed as 2 vears old or older (adulis of
unknown age entered into comnputations only the year after tsi
caplure as an adult). These data were used to assess year and
roost effects on estimated breeding prebabilitics of females
older than ycarlings, based on reproductive status records in
2002-2005 (see “‘Data anulysis’). Reproductive status {or
statc) was catcgorized as nonbrecding or brecding (preenan,
lactating, or postlactating). Our  estimatcs ol breeding
probabilitics assume that the rate of misclassificalion of
breeding status during this period fs low. We had 372 cases
where we recapwred individual adult females in hand more
than once during June--July within a year (up to 4 rccapuues).
Diagnoses ol breeding status (c.g., nonreproductive versus
pregnant, lactaling, or postlactating) were conflicting in just
[5 cases (4%), supporting the assumption of a Jow rate ol
misclassification. Our methods also asswme that bias fromn
nonreproductive bats failing to use materity roosts is small,
One study found this assumption to be the case for most bals
{Barclay et al, 2004) bul reported exceptions and suggested
caution. We have limited data that indicate this bias was smail
in our study. We caplured 79 adult femaic big brown bats over
waler (considercd random by criteria ol Barclay ¢l ab. [2004])
away from roosts between 10 June and 20 July 2001-2005: 72
(91.1%) were breeding (95% conhdence interval {95% () =
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R3-97%). We captured 2,521 adult females cmerging [rom
maternity roosts over the same period and 2,333 (92.5%) were
reproductive (95% Cl = 91-94%).

We used a sampling lechnique for estimalion of Ist-year
survival thal was dilferent than that used [lor estimating
breeding probabilily. This allowed larger sample sizes because
it Jdid not require physically examining bats. Previous
methodological  research  comparing the 2 methods  of
sappiing (capture versus passive encounlers by PIT lag
readers) show that highey capture probabilitics and more
precise sarvival cstimates are oblained using passive delecuon
{(EZilison et al. 2007) We deployed hoop-siyle PIT tag readers
over the openings of roosts lo monitor the entrance and exil
dates andd limes ol lugged bats automatically (Ellisou et al.
2007; ¢’Shea et al. 2004: Wimsatt et al. 2005}, This allowed
us to examine records for evidence of returns of bats cach year
as “‘capiures” (encounters) for eslimation of juyenile lst-year
survival (sce “Data anwlysis’). Although bats at some roosts
couid use additiona! operings that lacked PTT tag readers, only
| detection per year was necessary for annual survival
estimation. and ihe higl encounter probabilitics derived from
this wehnigue demonstrate s assemed cfficieney (Eilison et
al 2007). We assigned a body condition index o juvenile
temale bats captured 1n late sunnner (2-3 September 2003,
30-31 August 2004, and 7 September 2004) at roosts
monitored with PIT (ag readers. This index was the ratio of
body mass to Ienglh of forearm (Speakman and Racey 1986)
validaled for this population by total lipid analysis (Pearce et
al. 2008). W compared indices in bats that did not return to
the 95% C1s of mean condition indices ol bats that reiurned.
These comparisons were lhmited (o bats tnitially caplured a(
the same roost on the samc dates because ol expected
dilferences in condition with date {Pearce et al. 2008).

Oata analvyrs --Yye used an information-theorelic approach
for daia analvas (Burnham  and  Anderson 20025 We
coriputed breeding probabilitics and Ist-vear survival est-
mates using program MARK (White and Burnbam 1999;
Whiie et al. 2006). We used mullistale caplure—recaplure
models (0 estimate known-age bat breeding probabilities (at
-4 years ol age) and probability of breeding for females
2 years okl or oider. The inultistate model ol Brownic ¢t al.
(1993) and Hestbeck ei al. (1991) is an extension of the
Cormack—iolly-Seber live recapture model. In addition 1o
survival and capture or encouater probabilities, this niodel
cnabies consideration of (ransition probabilities among stiala
o1 sales (age amd reproductive statas—White el al. 2000). A
change i reprodactive status or state (nonbreeder to breeder.

ar vice versa) bebween years consulutes a bat transitioting or
changing states and allows for the cstimation of a breeding
probability. Our st analysis estimated breeding probabilities
ol knpwn-age bats (bats marked as juveniles and recaptured in
later years). The 2nd analysis was based on a larger sample
that inctuded females of unknown ages at least 2 years or older
tbased on ist capture the previpus year when 460 adull bats
were marked and recaptured as adults). We ested for year and
roost effects on breeding probabilities 1n this 2nd analysis.
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For the multistate analysis of known-age bats. we assigned
individuals (0 9 states based on age and reproductive status
(juvenile, 1-year breeder, |-year nonbreeder, 2-year breeder,
2-year nonbreeder, 3-year breeder. 3-year nonbreeder, 4-year
breeder, and 4-ycar nonbreeder). Some transilions are not
possible (i.c., 2-year breeder to L-year breeder or noabreeder):
we set these transitions to 0 in MARK. We examined 5 models
Lo assess the effects of state (reproductive stalus and age) on
sarvival, capture, and breeding probabilities (models listed tn
Appendix I). We could not include roost as « covariate n this
analysis of known-age bats because of sample-size limitations.
For the analysis of breeding probabilities of adults 2 years old
or older, we assigned bats o | of 2 states (breeder or
nonbreeder). Models considered tor this analysis included the
following main effccts and their interactions on survival.
capture. and breeding probabilities: reproductive status (state);
year-lo-year variation (year); effects of & different roosts
(roost); and interactions of state, roost, and year. We also
included medels with survival, caplure. and breeding proba-
bility as conslant {.). This resulted in a set of 14 candidawe
models (Appendix T, We did not include models with an age
structure in the 2nd analysis because precise age was unknown
(all bats were more than 2 years old).

We estimaled [st-year postweaning and adult survival from
2001 to 2005 using an age-based Cormnack—Joliy~Seber mode!l
(White and Burnbam 1969) with encounter histories Iton a
larger dawa set (7 = 357 juvenile females) thaw that used for
estimating [sl-year breeding probabilities. Unlike Lthe breeding
probability studies, this data sct did not reguire physical
capturc of bats after marking but instcad was based on
encounlers obtained (hrough automatic registration of PIT 1ag
numbers by hoop readers. Estimales were for “‘apparent
survival'® because they cannot distinguish between death and
pernanent  emigration (White and Burnbam 1999%. We
construcied a st of 13 a priori candidate models (Appendix
[). These models included the loliowing main effects and their
interactions on survival {¢) and encounter probabilities (p):
age structure {age): eflects of 5 dillerent roosts (roost}; year-
to-ycar variation {year); and intcractions of age, roost, and
year. We also included a model with apparent survival and
encounter probabilitics as constant (.) across age. roost, and
year. We also were inlerested in the additive elfects of vear on
survival so we included a model in onr candidule se1 that
examined surviva! varying by age and roost with the parallel
eflects of year (age x roost + year). For models including age
structure,  Ist-year postweaning juveniles were considered
adults the year following birth and were modeled as adulis m
succeeding years. We constructed an input file for program
MARK with 5 cocounters (years) and 2 age ciasses (o1
groups): juveniles and adults. All individuals born and initialiy
marked in a given summer belong o the same birth cohorl.
We created an age-based structure in program MARK as the
basis for furtber model building and selection (Cooch and
White 2006). We also calculated an overall population-wide
estimate for juvenile and adult survival by comstruimng
survival o be constant across roosts and time. and estimated
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{st-year survival at { additional roost with 4 cansceutive years
of ¢ncounier daia (2002-2005) (o betler assess varialion in
juvenile survival estimales.

The it of comnpeting models in our breeding probability and
survival analyses were assessed using information-theoretic
methads (Burnliam and Anderson 2002), Models were ranked
using Akaike’s information criterion corrected Jor sample size
(ALC—Burnham and Anderson 2002). We also calculated
AlCe differences (A, difference in AICe score between ith
and top-ranked model). Akaike weights (w,s; probability that
the ah model is the hest approximating model among
candidate models), and evidence ratios (the ratio of mode!
welghts for the top model and the next highest ranking model).

The vartance inflalion factor (&) was used as an estimarce of

aoodness-of-lir of the models with € values of 1.0 indicating
ecad lit, and values of 1-3 acceptable fit of the data to the
models (Lebreton et al. 1992), We assessed the goodness-ol-{it
of models using the median-¢ approach and estimated ¢ using
a lower bound of 1.0, an upper bound of 5.0. 10 intermediate
points, and [0 replicates al cach point (Cooch and White
20001, AIC values were converled o Akaike™s information
criterion correcled for overdispersed data and stnall samnple
sizes (QAIC) values o adjust (or overdispersion. We selected
the most-paisimonious models using a combivation of QALC -,
AQAICH and QAICe weights (w—-Burnham and Anderson
2002; Lebreton ¢t al, 1992), Maodels with AQAIC > 2 were
rot constdered competitive with the highest ranked model
(Burnhzm and Anderson 2002).

REsvrrs

Araal breeding probabilities —Annual hreeding probabil-
ity estimales (conditional on survival and capture probabili-
ticsy of known-age adult temale bats Ist captured as juveniles
al 6 maternity roosls ranged from 0.64 au I year of age 10 0.90
or more invlder bats (Table 2). These estimates were based on
92 bats Ist caplured and ragged as juveniles at 6 maternity
roosts between 2001 and 2004 and examined for breeding
stats when recaptured at 1 yeac old {7 = 83 bats). 2 vears old
3 years old (= 30), and 4 vears old (n = 13),
Breeding probabilities were lowest in 1-year-oid females, and
93% Cls were nonoveriapping with those for breeding
probabilitics of older bats (Table 2). Once females reached
age 2 vears, the probability of breeding increased 1o 0.90 or
higher, wih broadly overlapping 95% Cis belween estimules
for 2-year-0ld [emales that had or had not bred as |-year-olds
(Table 2). Conditional brecdiug probabilities were very high
lor 3- and 4-ycar-olds with overlapping 93% Cls (Table 2).
The highesi ranking rnodel had breeding prohabilites differing
by state {age and reproductive stalus) and constant survival
and capiure probabilities (Appendix I). This model had an
cvidence ratio ol 12.6:1 over the neat highest ranking model.

Breeding probabilities of females 2 or more years old were
very high (Table 3). This data set included 460 individuals
caprured at G roosts (number of marked bals at each roost X =
7o 24 SI 23-187). The (op-ranked model

i = 395

range
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Tany, 2—Conditional annual breedmg probabilities {\P. lransition
probability of breeding at the subsequent age) of individually marked.
known-ape big brown bats (Epresicus firvews) captured and exannned
in hand ar 6 maternity roosts in Fort Colims, Colorads, 2002-2003.
Probabilities of a bat maving 1o nonbreeding status are approxunately
{(1.00 — ¥ for each age group Dashes occur where probabilities
were inestimable (in both cases only 1 bat did not breed at ages 3 or
4 years). Effects of calendar year or roost were not examined in this
data set hecause of sample size limitations.

Age (years} and Subsequent

prior yeir status age (years) AE 95% I
Juvenile [ 064 0 53-0.73
Age 1 breeder 2 0.9 0.78-0 97
Age | nonbreeder 2 094 G761 0n
Age 2 breeder 3 096 084100
Age 2 nonbreeder 3 —
Age 3 breeder 4 897 075-1.00
Age 3 nonbreader 4+ -

incorporated survival probability as constant, capture proba-
bility as a function of roost. and brecding probability as a
function of breeding state (Appendix [). This model had an
evidence ratio of 13:1 over the next highest ranking mudel;
models including roost and year elfects on survival and
breeding probabililies had negligible support based on AIC
weights.

Litrer size—Litter size in near-terni pregnant bats sampled
al 5 roosts in 2005 included 100 [emales with singletons and
12 {10.7%) with twins. lor a mean litler size ol 1.11 (95% C/
= 1,05-1.17). In a subsartnple of known-age and known-—
ninimum-age  bats  we found no relationship betwee
increased age and lilter size: twins were caried by 8
(12.3%) of 65 bats 4 or more years old (litler size X =
1.12. 95% CI = 1.04-1.21); more precise ages were available
only for 14 of the radiographed bats), Twins occurred at 3 of
the 5 rousts, but our sample sizes al some roosts were smali,
precluding statistical comnparison by roost. Means length ol
forearm was nearly identical in females with litter sizes of |
(X =472 mm, 95% C/ = 46,9475 min; = 98) and 2 (¥ =
47.1 mm, 95% Cf = 45.6-48.6 mm; » = 9), providing no
evidence for higher (winning raes in larger (emales,

First-year survival of juvenile fermnates —The overall surviy-
al rate [or juvenile Jemaies (or the 1s¢ vear ot lile, based on
encounters with PIT tag readers during 2001--2005, wus 0.67
(95% CI = 0.61-0.73; Table 4) compared ro the adult ratc of
079 (95% CI = 0.77-0.81; calculated using model drage)
plage)). Juvenile survival al the additional roost with 4 years
of encounter historres was similar to the 5-year estimale for
the other 5 roosts: 0.63 (95% C/ = 0.47-0.78). as was the
adult rate of 0.78 (95% C7 = 0.72-0.84). First-vear survival
varied amoug the 3 years (across all roosts) and was lowest lor
bats borm in the drought year of 2002 but higbest in the vear of
the West Nile virus epizootic (Table 4). First-year survival
based on reoost was variable, but with overlapping conflidence
intervals, When estimuted by both year and roost. Isl-year
survival of juvenile [emales ranged from 0.08 to 0.88. The



Aprd 2010

Ttk 3.—Conditionat annual breeding probabulities (P, transition
probability of breedivg at the subsequent age) for adult female big
brown bass (Zptevicus uscus) 2 years old or older (n = 460) caprured
and examined at 6 maternily raoats in Fort Collins, Colarado, 2002-
2005, Estimates are based on the highest vanking model out of & set of
14 candidate models (Appendix T).

Prior year status Subsequent year staws b2 93% CI
Breeder Breeder 096 (.94-(.9K
Breeder Nonbreeder 0.04 0.02-0.06
Nenbree Breeder (.04 0.61-4199
Neabreeder Nonbreeder 005 0.01-0.38

pattern of fower estimates during 2002 held for most of the
roosts. bul with wide confidence intervals (Tabic 4).

The highest racking model for lst-year survival was a
function of variable cncounter probabilities by roost, with
survival probabiiity a function of complex interactions
berween year. roost, and age (this model had an evidence
ratio of 11.5:1 over the 2nd highest ranking model in the
candidate set of wmadels: Appendix 1. Annual cncounter
prohahilities of juveniie and aduit females were high at
individual roosts and provide strong cvidence for natal
philopatry. Encounter prebability for juvenile females across
all 5 roosts was 098 (95% C7 = 0.93-0.99) and {or adult
females wag 0.99 (95% C7 = 0.97-0.99). Results [rom model
selecrion indicaled no age effcet on subsequent encounters, but
strong evidence that encounter probabilites varied by roost
was oblained. Natal phiiopatry also was inferred from the
taggung of 557 juvemle female bats at mulliple roosts in the
lirsi 4 years of the study. Just 12 were encountered at roosts
ather than their natal colony sites 1n subsequent years (of 357
[emales detected alter their year of birth). Only | of these 12
mdividuals switched (o a different monttored colony. Seven of
the iemamiog 11 bats used allernate colonics For a single night
and « did so lor 3~13 nights.

Body condition of 69 juvenile females measured in late
August and September was compared between bats that
returned in subscquent years and those that (ailed (o return.
We captured 29 juvenile [emales on 2-3 Scptember 2003.
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Twenty-seven of these returned in 2004 or 2005, Body
candition indices of the 2 that did oot return {(0.37 and 0.38)
were less than the mean and less than or egnal (o the lower
confidence limit (CL) Tor indices ol the 27 females ihat
retumed (X = 0.40. 95% C7 = 0.38-0.42). Sixteen juvenile
female bats were sampled on 331 August 2004. Three ol
these failed to return the subsequent year and had body
condition indices (0.28, 0.31, and 0.33) less than or equai o
the Jower CL for the 13 juvenile females in the group known to
survive (X = 0.36, 95% C/ = 0.33-0.39). On 7 September
2004 we determined condition indices for 27 juvenile females.
The upper CL for the mean body condition index ol 16
juvenite females (X = 0.40; 95% CI = 0.38-0.43) that did nul
return in 2005 was cqual o the lower CL for the 11 bats
caplured that night and known to be alive the next summer (X
= 0.46; 95% C/ = 0.43-048).

Discussion

Brecding probabilitics ol 1-year-old female big brown bats
were lower than in older known-age hats. Once bats reached
ages 2-4 vears the probability of breeding was consistently
high, ranging from 0.90 to 0.97. Bats that were 2 years old or
older had very high probabilities of breeding cach year, with
only a 0.04-0.06 chance of not breeding in a subseguent year,
Lower {ecundily in l-year-old bats is consistent with findings
based on simple reproductive rale calculations (percent
pregnant or lactating) from studics of big brown bals in other
areas of North America (Brighain and Fenwon  1986;
Schowalter and Gunson 1979; Sidner 1[997). Once icmale
big brown bals reached age 2 years in the Colorado
population. the probability ol breeding cach year was vory
high and condilivnal on a constant survival probability and
capture probabiljties varying by roost. Breeding probabilities
did not vary by year or roost. An assumed conslant rate
conunenly is observed in models of adult survivai in Jong-
lived mammals (e.g., Gaillard et al. 2000), and variablc
capture probabilitics by roest were expected because each
building presented dilferent logistical situations for capture of
bats im nets or other devices. Lack of a year ellect on adult

Tance d—Estimares of [st-year postweaning survival (§) of juvenile female big brown bats (Epresicus fuscus) at 5 maternity roosts
monitored from 2001 t 2005 in Fort Callins, Colorado, Estumares and 95% confidence intervals (95% CFs) are provided for bais al each roost
For each of 3 annual periods based on passive encounters registered by passive integrated transponder (PIT) tag veaders. Estimates for byts at
each roost witun & year are from the best approximating model” ¢(age + toost # year) plroost} {see Appendix Li. and the estimate for hats over
Al years and roosts combined i in the lower right cell ot the table (based on the modal diage) plage). Estimales of lar-year survival of bais also
are provided for each year agross ail roosis testimates from moedel dlage + roosty p(roost)) and for ench roost across all years (estimales from

model olage X year) plroost))

Born i 2001

Borp i 2002

Biwn 1a 2003

Each roust across all yeurs

Reoat 6 (93% T @ (9% CIy o (95% C7) $ (V5% T
HEA 0.72 (0.56-0.84) 0.68 (0.30-0.82) 0.84 (0.65-0 94 0.7) 10.62-0.79)
PIT 0.62 (0.31-0 86) 0.33 (0.07-0 78) 0.72 (040091} 0.77 (0.62-0.87)
CR4 .88 (0.55-0.98) 0.08 (0.01-0.50 0.45 (0.15-0.79) 0.51 (0.35-0.67)
LAH Inestimable 0.50 (0.04-0.96) 067 (0.11-0.97) 0.75 (0.32-0.95)
TAH 0.48 {0.29-0.68) 0.57 (0.19-0.8%) 0,78 (0.49-0.931 0.59 10.44-0.7%)

Bach year across all roosts

0.67 (0.57.0.77)

0.52 (0.38-.0.65)

0.76 (0 63-0.85)

Cveral] 0.67 (061073,
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breeding probhability is particularly instructive in the context of
the drought in 2002 and the arvival of the West Nile virus
epirootic and application of permethrin in 2003, The Juck of a
year elfect in 2003 is consistent with findings that big brown
balts arc insensive o West Nile virus when dosed by
experimental inoculation in captive experiments (Davis et al.
2003) The lack of a roost etfect on breeding probabilities also
tggests thal al) of the sites we sampied may provide required
thermal coaditons for pregnancy and lactation in adull
females, Lower breeding  probabiliies of 1-year-olds s
evidence thal some bats of this age class might iack sulficient
nulritional reserves in spring and early sumer (o allow
successful partutition and lactation. These bats defer repro-
duction untii age 2 years or older. We speculate that the lack
ol a year ellect and the high breeding probabilitics observed in
bais 2 or more ycars old also may indicate that the urbanizing
anvironment supporting our stndy population is favorable ro
big brown bai demography. This specics is typically the most
abundant bat 1n urban and suburbar arcas of North America
{e.0., Johuson e al. 2008 Kurta and Teramino 1992: Loeb el
al. 2009).

Rig brown bats are geographically bimodal in litier size, with
huers of 2 in eastern and 1 in western North America. [t is
unkoown why litter size 1o this species is partitioned so strongly
by loagitude but not Jatitude. Data for litter sizes of big brown
pals in western Norih America span 2,500 kn in latitude and &
diversity of habiiat and climatic conditions, with representative
studies in Arizona, Colorade. and Alberta. Canada. In the
southem Arizooa desert, 3 colonies of banded big brown bats
roosting in bridges were sampled intensively for 12-14 vears:
simitlar o our study, litter size was 1.1-1.2 (Sidner 19973, Litler
stre was |13 (nearly identical o Colorado) in Alberta (Holroyd
1993; Schowalter and Gunson 1979). A sharper longitudmal
than latitudinal gradient in litter size cf big brown bats exists:
590 km east of our study area litier size was 2.0 in Kansas (Kunz
1974), und modal htter size is also 2 throughout central and
castern Norih America {Christian 1956: Cockram 1955 Kurta
and Baker 1990). The ccological or historical factors that have
resilied o this renarkable longitudinal diehotemy in litter size
are unknown. a pomt that iilustrates how fitle 1s unders(ood
concerning forces thal mold aspects of life history in even the
most cammon bals.

Three other studies applied Cormack=Jolly—Seber models to
estimaie Ist-year survival in microchiropterans. First-year
survival  was  lower than  adult suivival in pipisticlles
(Pipusirelins pipistreffus) in Germany (Sendor and Simon
2003) and in tong-wiled buws (Chalinolobus fuberculatus) in
New Zealand (Pryde et al. 2005). Years with different weather
and predator conditions intlucnced survival in long-taiJed bats.
Juvemle survival in Yuma inyoUs (Myoeus yumanensis) banded
al neaternity colonies and night roosts in hridges and buildings
i California also was lower than in adults (Frick et al. 2007).
Most pasr research on survival in bars generally reiicd oo ad
hoc analyses that did not adjust for capture probability, used
bands that can affect survival, and marked bais at hibemacula
when juveniles could not be distinguished from aduits (O’ Shea
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ct al. 2004). However, estimates of 1st-year survival in other
species ol lemperate zone North American bats derived [rom
such approaches have generally been lower uand less precise
than our overall estimate (e.g.. Hompbrey and Cope 1970;
Peagson et al. 1952; Sidner 1997 Stevenson and Tuttle 1981).
This could be due not only o cuy applicaton of analvtical
lechniques that incorporate caplure probability (Isl-year
survival in the Yuma myous also was high relative (o these
past studies—Frick ct al. 2007) but also e the passive method
ol detcction using PIT lag readers, which resulis in higher
encounter probabilities and grealer precision of ¢stimales than
those made (hrough direct caplures (Ellison el al. 2007).
Estimated Ist-year survival rates in our study were higher than
ad boc (life-table) estimates for big brown bals in Arizona
(Sidner 19973, which showed lower survival in juveniles than
in adul(s and higher returt rates of juveniles that were in betler
body condition the previous sumimer. In our study juveniles
that were nol known to be alive as adults aiso had lower body
condition indices in late August and early Scptember of the
year of birth compared (o bats known 1o return. consisteny with
studies of other temperate zone bats that concluded that entry
into hibernation in good body condilion is a prerequisite for
survival (o tbe ensuing year (Davis 1966; Humphrey and Cope
1977; Runsome 1990).

We found no evidence for negative effects on lst-year
survival in the cohort of big brown bals born during the year
with arnval of the West Nile virus epizootic. Unlike breeding
probahiiities. |st-year survival varied with roost and year
through complex interactions between these 2 effects and age.
The estimales of survival were gencrally lower in Ist-year bats
born during the drought year. suggesting (hat this drought may
have affected big brown bal demography more through juvenile
survival than through adult breeding probability. Model
sclection results alse suggest that this cffect might vary by
roosl. The naportance of the roost environment for sustaining
bat populations has long been recognized (Kune 19825 First-
year survival might be more variable than adult breeding
probability among the anthropogenic structures used as roosts
in our study. This variability could relaie to at least 2 Factors:
fledged juveniles could be al energetic disadvantuges or have
greater vuinerability Lo predators at some roosts. We did not st
for these effects directlv but noted lower body conditions
indices in juveniles not known to return after their year of birth,
Additionally. 2 roosts with low survival in some years were
observed (o be visiled by domestic cals that stalked bals during
emergence. These sites had emergence peints closer to (he
ground than roosts with higher survival, and inexpericnced and
less agile fledglings could have been easicr prey at these roosts.

Recruitment in the study population of big brown bats
involved high breeding probabilitics in adult feinales 2 years
old or older. low vartability in litter size, and lower survival
and breeding probabilities in i-vear-olds than in adulls.
Breeding probability in adults did not vary by roost or year,
but [st-year survival varicd with these 2 factors in complex
ways. The suggesied negative influence of drought on Lsi-year
survival has inplications for the conservation of bat
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populations given projections of climate change models for
greater drought conditions over large areas ol western Norlh
Americe (Barpert et al, 2008, Seager et al. 2007). This work
also demonsurates that alternative marking and  recaptore
metiiods coupled with modern statlsticai approaches cun be
employed profitably in the study of vital parameters crucial (o
recruitment in bat populations. We hope thal approaches
siimliar 1o thase we used with this common species wili be
conswdered in future studies of otlier specics of bats (o advance
understanding of their population dynamics. The deteriorating
conservation status of many bat populations dictates a need {or
improved undersianding ol vital paramcters o betier gauge
progress in achieving management goals.
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APPENDIX T

NModel selection rexults for 3 analyses using prograry MARK. For each model we inciude the following terms « Burnhans wnd Anderson 2002y
aunber ol parameters tn the model (K). Akaike's information criterion adjusied for overdispersed data and small sample size (QAIC). the
difterence m QAIC, value berween the cwrent model and the top-ranked model (AQAICc). and the Akaike weights (ws). The term ¢ is the
estitnate of overdispersion, Model notation Follows Lebretan et al. (1992): far analyses A and B (breeding probabilities of female big brown bats.
Epresicus fuscus), survival (8), capture probability (p}, and transitons (¥ were modeled as either constant across years and states 1., consiant
over years but different by state {state), constant over years but different by roost (roost). different by years with no roost op state differences
tyear), and a combimzuan of state. roast, and year differences (state X roost % vear). For analysis C (1st-year survival probabiliues), apparent
survival (), and capture probability (p) were modeled with an age structure (age). as constant across age and year (), different by roost (roust),
differear by roost and age (tuost X age). different by age and vear {age X year), different among ycars {year), and different among roasts and age
aigl year tuge X roost ~# vedij Analyses A and B are based on bals captured and examined in hand (required to assess breeding condinen).
Analysis C was conducted separately hecause 1 is based on a larger data set of passive encounters registered by antomaled passive iniegrated
transponder (PIT) lag readers.

Aualysiy and candidaie models K QAIC: AQAIC, w
A Brecding probabilities for keown-age Temales (0= 2,02y
S0 pl ) Wistare) i 68Y.1 0.0 0.88
S{) pistate) Pratale) 13 694.2 St 0.07
Ststate) plstate) Wistate) 13 656.2 Tl 0.0
S(eate) po oy Pscates 15 690.8 1.7 0.02
St pla W 3 34147 2,725 6 0.00
B Breeding probahilities for females > 2 years ol (¢ = 121}
St ) proust) Wsiate) $ 1.233.3 0.0 091
St ptate) Wistate) 3 1.258 6 5.3 006
Sistate; plstae) Pisate) 6 1,260.7 7.3 no2
SC) pistate — toost) Prstate + roost) 23 1,374.0 70.7 0.00
Ststaie) pi<ate - 1oosn Jisiate + rocst) 26 1,325.2 7.9 0.00
Siveost) plroost; YWisate ~ roost 24 13321 788 0.00
Ststie + roost plstate + toost) Yistdle - roost} 36 [,348.4 93,1 oca
Stycary piyear) Pyear) 9 1.369 0 1137 0neG
S0 plrousty ¥0s 8 13713 117.6 0.00
505 pe) o 3 1.374.6 121.3 0G0
S prroost) Plroost) [3 1,375.2 1214 000
sivaie) prroest) Wircost) 14 1,377.2 123.9 .00
S(reost) piroost) Firoos) 18 1,384.6 131.5 0.00
Ststate X yoost X year) pistate X reost X year) W(state X roost ¥ year) 108 1.469.2 2158 0.00
C. First year postweaning sarvinat ol females (¢ = 1.33;
Qlage © osl ¥ yeac) plroosd 43 1,670, 1 0.0 392
¢ 7 reost + yoeur) piroosi) 19 1,674.9 1.8 0.08
Glage X rooatd pironst) 13 1.687.4 17.3 o
Brage Xy sar) 2roost 13 1.690.6 20.4 000
BUroest) ponost) 10 1.691 6 213 0.00
drage) prage) 4 1,697.8 277 0.00
dlage; plyean) 6 17004 33 0.0
slyear: plyear) 7 1.701.8 g G 00
olage) plroasy 7 1,702.1 320 0N
Hivew ) piroos) 9 1,704.1 34.0 0.0
&) pl) 2 1.70%.0 38.8 0.00
O3 plyear) 5 1,714 7 446 000

Phlage X 1008t X yew) plage X roost A yeat) 68 1.7(49 447 0.00




