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Summary

1. Estimating variation in demographic rates, such as survival and fecundity, is important for test-

ing life-history theory and identifying conservation andmanagement goals.

2. We used 16 years (1993–2008) of mark–recapture data to estimate age-specific survival and

breeding probabilities of the little brownmyotisMyotis lucifugusLeConte in southernNewHamp-

shire, USA. Using Kendall & Nichols’ (1995) full-likelihood approach of the robust design to

account for temporary emigration, we tested whether survival and breeding propensity is influ-

enced by regional weather patterns and timing of reproduction.

3. Our results demonstrate that adult female survival of M. lucifugus ranged from 0Æ63 (95%

CL = 0Æ56, 0Æ68) to 0Æ90 (95% CL = 0Æ77, 0Æ94), and was highest in wet years with high cumula-

tive summer precipitation. First-year survival [range: 0Æ23 (95% CL = 0Æ14, 0Æ35) to 0Æ46 (95%

CL = 0Æ34, 0Æ57)] was considerably lower than adult survival and depended on pup date of birth,

such that young born earlier in the summer (c. late May) had a significantly higher probability of

surviving their first year than young born later in the summer (c.mid-July). Similarly, the probabil-

ity of young females returning to the maternity colony to breed in the summer following their birth

year was higher for individuals born earlier in the summer [range: 0Æ23 (95% CL = 0Æ08, 0Æ50) to
0Æ53 (95%CL = 0Æ30, 0Æ75)].
4. The positive influence of early parturition on 1st-year survival and breeding propensity demon-

strates significant fitness benefits to reproductive timing in this temperate insectivorous bat.

5. Climatic factors can have important consequences for population dynamics of temperate bats,

which may be negatively affected by summer drying patterns associated with global climate

change.

6. Understanding long-term demographic trends will be important in the face of a novel disease

phenomenon (White-Nose Syndrome) that is associated with massive mortalities in hibernating

bat species, includingM. lucifugus, in the northeasternUnited States.
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Introduction

Estimation of demographic rates is not only of fundamental

interest to life-history theory and population ecology, but

can also be critically important for successful conservation

and management of species. Long-term, baseline demo-

graphic information can be particularly useful for evaluating

potential population-level impacts of novel threats, such as

emergent diseases, sudden loss or degradation of habitats, or

future climate change (Lebreton et al. 1992; Morris & Doak

2002; Grosbois et al. 2008). Concern about ecological

impacts of global climate change has raised interest in how

demographic parameters, such as survival and fecundity,

may be influenced by climatic conditions (Saether et al. 2000;

Stenseth & Mysterud 2002; Winkler, Dunn & McCulloch

2002; Ludwig et al. 2006; Jenouvrier et al. 2009). Long-term

mark-recapture datasets are costly to procure and are there-

fore rare, yet such datasets provide extraordinary opportuni-

ties to estimate vital rates and to test hypotheses about how

climatic factors can influence such rates (Grosbois et al.

2008).

Bats are the second-most diverse group of mammals and

provide important ecosystem services in terms of insect sup-

pression, pollination and seed dispersal (Jones et al. 2009).

Bats have unusual life history strategies for their size; they

are generally long-lived (c. 20–30 years) and typically have*Correspondence author. E-mail: wfrick@batresearch.org
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small litters of 1–2 pups per annum (Wilkinson & South

2002; Barclay & Harder 2003). Reduced litter size and lower

mortality risks may be influenced by their ability to fly

(Pomeroy 1990; Hayssen & Kunz 1996; Barclay & Harder

2003). Hibernation may also contribute to increased longev-

ity in bats, by reducing senescence due to long periods of

inactivity and increasing over-winter survival (Wilkinson &

South 2002). In many temperate bat species, maternity colo-

nies form in the spring after emergence from hibernation for

synchronized birthing and rearing of young. Selection should

favour parturition early in late spring ⁄ early summer to pro-

vide time for young to learn to forage successfully and estab-

lish adequate fat stores before winter, as depositing adequate

fat is critical for over-winter survival for hibernating species

(Ransome 1989; Thomas, Dorais & Bergeron 1990; Kunz,

Wrazen&Burnett 1998). In addition, selection should favour

matching high energetic demands of lactation to coincide

with greatest seasonal resource availability (Visser et al.

1998).

Although general life-history trends are known, there are

few quantitative estimates of demographic rates for bat spe-

cies (O’Shea, Ellison& Stanley 2004; Frick, Rainey& Pierson

2007; O’Donnell 2009). Quantitative data on reproductive

rates are equally scarce (Barclay et al. 2004). Given that 51%

of microchiropteran bats are listed as either critically endan-

gered, endangered, data-deficient, vulnerable, or near

threatened (Hutson, Mickleburgh & Racey 2001), a better

understanding of survival and reproductive rates of bat

populations is important for conservation and management

(Racey & Entwistle 2003). In particular, analysis of demo-

graphics of temperate insectivorous bats in North America is

needed in the face of White-Nose Syndrome (WNS), an

emerging disease phenomenon responsible formortality rates

greater than 75% at hibernacula for several species in the

northeasternU.S. (Blehert et al. 2008).

Recent statistical approaches allow estimation of survival

and temporary emigration from capture-recapture data if

auxiliary data, such as multiple recapture events within a sea-

son, are available (Pollock 1982; Kendall & Nichols 1995;

Kendall, Nichols & Hines 1997; Schwarz & Stobo 1997). For

animal populations that are marked each year at breeding

sites, temporary emigration (c’’) can be interpreted as proba-

bility of breeding (1-c’’), if non-reproductive animals do not

return to the breeding site in a given year (Kendall & Nichols

1995). Colonially breeding animals, such as bats, are well-sui-

ted to this approach (Kendall & Nichols 1995; Sedinger,

Lindberg&Chelgren 2001; Sandercock 2006). To our knowl-

edge, no previous studies have attempted to simultaneously

estimate annual survival and temporary emigration for colo-

nial bat populations (O’Shea et al. 2004). Fidelity to mater-

nity colonies is unusually high (Lewis 1995), but if temporary

emigration occurs, then mark-recapture studies at bat mater-

nity colonies could underestimate capture probabilities and

produce biased survival estimates (Kendall et al. 1997). Esti-

mation of temporary emigration also provides valuable data

on reproductive rates, helping quantify important population

parameters.

We use 16 years (1993–2008) of mark-recapture data from

a maternity colony of little brown myotis Myotis lucifugus

LeConte in southernNewHampshire to estimate annual sur-

vival and breeding probabilities. We empirically test hypo-

theses about the influence of climatic conditions on annual

survival and breeding and quantify age-specific differences in

these parameters. Understanding the importance of variation

in weather patterns on demographic rates may help predict

how future climate changes in the northeastern U.S. could

affect bat population stability. Like many insectivorous

passerines, bats depend on the synchronicity of insect prey

reaching peak densities during the energetically high

demands of the summer reproductive season (Anthony,

Stack & Kunz 1981; Jones, Doran & Holmes 2003). Changes

in weather patterns that influence prey availability during the

summer and fall months could have significant consequences

for survival and reproductive success for bats (Rodenhouse

et al. 2009). In addition, our study quantitatively determines

potential fitness benefits from timing of parturition (Ran-

some 1989; Ransome & McOwat 1994; Arlettaz et al. 2001)

by assessing the influence of pup date of birth on first year

survival and breeding propensity.

Materials andmethods

DATA COLLECTION

We captured adult female bats at amaternity colony located in a barn

structure in Peterborough, New Hampshire during 16 summer sea-

sons (1993–2008). Capture events occurred between early May and

mid August and ranged from 5 to 26 visits per summer. Bats were

captured in their roost between 05.00 h and 07.00 h andmarked with

a lipped aluminium forearm band (Porzana Limited, East Sussex,

UK, Kunz & Weise 2009). This type of band is the most reliable for

bats, but some band loss did occur (<3%over the 16 year study per-

iod), which could negatively bias our estimates (Keen 1988; Kendall

2008). Bats were aged as young-of-the-year or adult (‡1 year-olds)

based on ossification of the fourth metacarpal joint (Brunet-Rossinni

&Wilkinson 2009). Date of birth of young-of-the-year was estimated

using equations for length of forearm and total length of epiphyseal

gap in the fourth metacarpal joint and then subtracting estimated age

at capture from date of capture (Kunz & Anthony 1982). Young

males were excluded from analysis because they permanently emi-

grate from their natal roost (Reynolds 1999). Reproductive condition

of adults was classified as pregnant, lactating, or post-lactating based

on palpitation of the abdomen and nipple condition (Racey 2009).

HYPOTHESES AND PREDICTIONS

We predicted that 1st year survival would be lower than adult sur-

vival in M. lucifugus, as age-specific differences in mortality risks

have been noted in other temperate bats (Sendor & Simon 2003;

Pryde, O’Donnell & Barker 2005; Ellison et al. 2007; Frick et al.

2007). Theory predicts that young bats born earlier in the summer

should have higher chances of survival because they will have more

time to learn to forage efficiently and store fat before hibernation

(Ransome 1989). We used pup date of birth as an individual

covariate on 1st year survival to determine whether young born ear-

lier in the year would have increased survival. We also predicted

age-specific differences in breeding probabilities. Because bats cannot
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be aged after their first winter, there are very few estimates of age-to-

first-breeding or age-specific variation in reproductive rates (Barclay

et al. 2004). We modelled age-specific differences in temporary emi-

gration (c’’) and used pup date of birth as an individual covariate

based on the probability of bats returning to the maternity colony in

the summer following their birth year. We predicted that individual

pups born earlier in the year would have a higher probability of

breeding the following summer because of increased likelihood of

sexual maturity during the fall mating period.

We used daily weather records (NOAA Online Climate Data

Directory) from the closest reliable weather station at Concord,

New Hampshire (<75 km from the study site) to represent regional

climate. We calculated three different climatic variables (cumulative

precipitation, average minimum daily temperature, and drought

severity index) over two seasonal periods (active season from April

to October and hibernating season from November to March). We

predicted that variation in average minimum temperature could be

an important influence on bat survival during the active season as

temperature is known to influence insect abundance and activity

and bat foraging activity (Anthony et al. 1981). We hypothesized

that variation in precipitation may also influence bat survival if

insect prey abundance is higher in wet years, as has been found for

some insectivorous passerines in New Hampshire (Sillett, Holmes &

Sherry 2000). We used a drought severity index (the Palmer Modi-

fied Drought Index) to test the joint effects of temperature and pre-

cipitation on bat survival. We predicted that weather conditions

from April to October would have the strongest influence on bat

survival, as this is the period when bats are active and foraging. For

drought severity, we used annual average values because summer

and winter indices were highly correlated. To test if fall weather

during the fattening period prior to hibernation influences survival,

we calculated a fall severity index as the number of days in August–

October when minimum daily temperature was <10 �C, a critical

threshold below which insects are inactive and bat foraging is

greatly reduced (Anthony et al. 1981; Ciechanowski et al. 2007).

We used a similar index of spring severity to test whether spring

weather (March–May) influenced the probability of females return-

ing to the maternity colony (1-c¢¢).

DATA ANALYSIS

We used the full-likelihood approach of the closed robust design,

which combines open and closed capture-recapture models to esti-

mate annual apparent survival (S), temporary emigration (c),
encounter rate (p), and population size (N) (Kendall et al. 1997; Ken-

dall 2008). We modelled main effects of constant survival S(.), age-

dependent (young vs. adult) survival S (ya), six weather covariate-

dependentmodels [S (summer precipitation), S (winter precipitation),

S (summer temperature), S (winter temperature), S (annual drought

severity index) and S (fall severity), and an individual covariate of

pup date of birth on first-year survival S (young-dob)]. We combined

main, additive and interactive effects of these variables, resulting in

27 a priori models for survival (Appendix S1).

Temporary emigration is represented by two different parame-

ters, c00i and c0i(Kendall et al. 1997; Kendall 2008). Parameter c00i is
the probability that a bat present in the colony at time i leaves the

colony and does not return and is thus unavailable for encounter in

time i + 1. Parameter c0i represents the probability that a bat not

present in the colony at time i returns and is available for encounter

in time i + 1. We tested nine different models of temporary emigra-

tion, including models of no movement, random and Markovian

constant temporary emigration, age-specific models, weather-depen-

dent (spring severity) models, and an individual covariate of pup

date of birth on probability of temporary emigration of one-year

olds (Appendix S1).

We pooled all capture events (5–26 per year) into two secondary

encounter occasions per primary sampling period because of low

recapture rates and to reduce the number of parameters in each

model (W.L. Kendall, pers. comm.). Given the nature of our cap-

ture conditions, we did not expect any trap dependence, but did

expect temporal variability in recapture. We modelled time depen-

dence on recapture (Mt) as well as an index of the number of cap-

ture events pooled into each recapture occasion as a covariate of

capture effort.

The closed robust design assumes that the population is demo-

graphically closed during the primary period (i.e. between second-

ary sampling sessions) and that survival is the same for individuals

inside and outside the sampling area (Kendall et al. 1997). We

tested for the assumption of closure using Program CloseTest

(Stanley & Burnham 1999) using a modified data set with sampling

events pooled into 3–6 encounter occasions (Stanley & Burnham

1999). We used an omnibus goodness-of-fit test using RDSURVIV

to test the fit of the data and estimate the variance inflation factor

c
_
(Hines 1996). Predefined models in RDSURVIV do not account

for age structure, so we used pre-defined model p(t,t), S(t), c(.) as
the global model and estimated c

_
by dividing Pearson’s v2 by the

degrees of freedom to adjust for overdispersion in our data (Hines

1996).

We used small-sample corrected Quasi-Akaike Information Crite-

ria (QAICc), which accounts for over-dispersion, for model selection

(Burnham & Anderson 2002). We used Akaike weights, wi, to mea-

sure relative support of the data for any given model (Burnham &

Anderson 2002). All analyses were conducted in RMark (Laake &

Rexstad 2008), a newly developed package for program R (R Devel-

opment Core Team 2007) that uses custom scripts to call program

MARK (White & Burnham 1999).

Results

During the 16-year study period, we captured and marked

2891 femaleM. lucifugus (1295 young, 1596 adults) (Table 1).

The proportion of female young to adults captured each year

averaged 29%, but was unusually high in 2004 when 53% of

animals captured were female young-of-the-year. Reproduc-

tive rate (proportion of adult females in reproductive condi-

tion) was high in all years (range: 92–99%) except in 2008

when it fell to 87% (Table 1).

GOODNESS OF FIT AND CLOSURE

The goodness-of-fit test from program RDSURVIV indi-

cated a reasonable fit to a general model and our estimate of

the variance inflation factor (c
_
= 1Æ9) indicated some over-

dispersion in thedata.Overdispersion is likelydue toheteroge-

neity caused by differences in age structure, which were

accounted for in our final model set. We used QAICc,

adjusted by c
_
= 1Æ9, to account for overdispersion in our

results for model selection and report adjusted standard

errors. The assumption of closure at the maternity colony

during the sampling period from May to August was sup-

ported by our results of the test for closure in all years

except 1996 (Appendix S2).
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MODEL SELECTION

Results of model selection indicated strong support for a

best-fit model (57% of QAICc weights; Table 2) that

incorporated the individual covariate of pup date of birth on

1st year survival and summer precipitation as a time-vary-

ing covariate on adult survival. This top model also

incorporated pup date of birth as an individual covariate on

the probability of young returning to the maternity colony in

the year following their birth (1-c’’) and probability of

temporary emigration of adults fixed at zero. For compari-

son, the penultimate model had only 13% of the support of

the data based on QAICc weights (DQAICc = 2Æ88) and was

similar to the best-fit model except 1st year survival was

dependent on summer precipitation instead of pup date of

birth. These two models shared the same model structure for

temporary emigration, demonstrating strong support (70%

of model weights) for the influence of date of birth on the

probability of bats returning to the maternity colony in the

year following their birth and no temporary emigration of

adults (Table 2). Summer precipitation was the only weather

covariate tested that had any support from the data. Model

selection indicated strong support for time dependence in

recapture (99Æ9%of QAICc weights) and no support for a co-

variate of effort on recapture. We present parameter esti-

mates from the best-fit model below.

PARAMETER ESTIMATES

First-year survival of female M. lucifugus at our study site

was variable, ranging from 0Æ23 (95% CL = 0Æ14, 0Æ35) to
0Æ46 (95% CL = 0Æ34, 0Æ57) and depended on pup date of

birth, such that bats that were born earlier in the summer (c.

lateMay–early June) had higher survival rates than individu-

als born later in the summer (c.mid-July) (Fig. 1). The slope

coefficient for the influence of Julian date of birth on 1st year

survival was estimated (mean ± SE) at )0Æ018 ± 0Æ008
(95% CL = )0Æ03, )0Æ002) on a logit scale. Adult survival

was considerably higher than 1st year survival and ranged

from 0Æ63 (95% CL = 0Æ56, 0Æ68) to 0Æ90 (95% CL = 0Æ77,
0Æ94), depending on amount of cumulative precipitation from

April to October (Fig. 2). The slope coefficient for the

influence of cumulative summer precipitation on adult

annual survival was estimated at 0Æ07 ± 0Æ018 (95%

CL = 0Æ04, 0Æ11) on a logit scale, suggesting that wet years

with higher levels of precipitation are associated with higher

survival.

The best-fit model in our analysis indicates that

adult females do not skip breeding by not returning to the

Table 1. Number of Myotis lucifugus captured each year (1993–

2008). Reproductive rate equals the proportion of adults in breeding

condition. Totals for each year include individuals captured in

multiple years. Individually marked animals totalled 2891 (1295

young and 1596 adults)

Year

Adults

Young TotalBreeding

Non-

breeding

Reproductive

rate

1993 218 19 0Æ92 128 365

1994 349 17 0Æ95 150 516

1995 229 16 0Æ93 98 343

1996 312 18 0Æ95 101 431

1997 136 7 0Æ95 57 200

1998 210 6 0Æ97 52 268

1999 188 1 0Æ99 48 237

2000 170 7 0Æ96 46 223

2001 144 1 0Æ99 59 204

2002 191 12 0Æ94 54 257

2003 178 7 0Æ96 87 272

2004 105 6 0Æ95 125 236

2005 161 9 0Æ95 100 270

2006 164 7 0Æ96 54 225

2007 107 3 0Æ97 65 175

2008 129 19 0Æ87 71 219

Grand

totals 2991 155 0Æ95 1295 4441

Table 2. Summary of the top 10models frommodel selection results.Models are ranked by ascendingDQAICc

Model QAICc DQAICc

QAICc

weights Parameters

S[adult(sum.precip.),young(dob)], c¢[young(dob), adult(0)] = c¢(0) )10 341Æ45 0 0Æ57 70

S(ya+ sum.precip), c¢[young(dob), adult(0)] = c¢(0) )10 338Æ57 2Æ88 0Æ13 69

S[adult(sum.precip.),young(dob)], c¢[young(dob), adult(spr. severity)] = c¢(spr. severity) )10 337Æ63 3Æ82 0Æ08 74

S(ya * sum.precip), c¢[young(dob), adult(0)] = c¢(0) )10 336Æ99 4Æ46 0Æ06 70

S[adult(sum.precip.),young(dob)], c¢[young(.), adult(0)] = c¢(0) )10 336Æ64 4Æ81 0Æ05 69

S[adult(sum.precip.),young(dob)], c¢[young(spr. severity), adult(0)] = c¢(0) )10 334Æ77 6Æ68 0Æ02 70

S[adult(sum.precip.),young(dob)], c¢ = c¢(ya) )10 334Æ58 6Æ87 0Æ02 70

S(ya+ sum.precip), c¢[young(dob), adult(spr. severity)] = c¢(spr. severity) )10 334Æ42 7Æ03 0Æ02 73

S(ya * sum.precip), c¢[young(dob), adult(spr. severity)] = c¢(spr. severity) )10 333Æ00 8Æ45 0Æ01 74

S(ya+ sum.precip), c¢[young(.), adult(0)] = c¢(0) )10 332Æ71 8Æ74 0Æ01 71

All models shown had time-dependence on recapture [p(t) = c(t)].

Model notation: dob = date of birth; spr. severity = number of days whenminimumdaily temperature<10 �C fromMarch toMay; sum.pre-

cip = cumulative precipitation fromApril to October; ya = two age groups: young (1st year) and adults; (0) = parameter fixed at zero;

* = interactive effects;+ = additive effects. See Appendix S1 for more details onmodel nomenclature.
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maternity colony (e.g. temporary emigration was fixed at 0).

In contrast, probability of breeding (1-c’’) was variable for

1st year bats, ranging from 0Æ23 (95% CL = 0Æ08, 0Æ50) to
0Æ53 (95% CL = 0Æ30, 0Æ75), depending on an individual’s

date of birth (Fig. 1). The slope coefficient for the influence

of Julian date of birth on 1st year temporary emigration (c’’)
was estimated at 0Æ02 ± 0Æ016 (95% CL = )0Æ008, 0Æ06) on
a logit scale, suggesting that individuals born earlier in

the summer have a higher probability of returning to the

maternity colony in the summer following their birth than

those born later in the summer.

Recapture rates were low and generally ranged from 0Æ10
to 0Æ35 over the 32 encounter occasions (2 per year for

16 years). There was one occasion in 1996 with a recapture

probability of 0Æ47 (95%CL = 0Æ38, 0Æ56) and five occasions

with recapture rates <0Æ10 (years: 1994, 1997, 1999, 2004

and 2007).

Estimates of colony size declined steeply after the first two

seasons, but were roughly stable from 1995 to 2008 (Fig. 3).

In general, the juvenile population was approximately half

the size of the adult population, which was expected given

that females give birth to a single pup each year and males

were excluded from the analysis. In 2004, the estimate of

number of juveniles was greater than the number of adults

and this may be due to some heterogeneity in recapture. In

this same year, the proportion of juveniles to adults captured

was unusually high at 53%, whereas in most years the pro-

portion of captured juveniles to adults ranged from 0Æ19 to

0Æ37 (Table 1).

Discussion

This study demonstrates that climatic conditions are corre-

lated with annual survival of adult female M. lucifugus and

that timing of parturition has strong fitness consequences in

terms of 1st year survival and age to first breeding. Our esti-

mates of adult annual survival ranged from 0Æ63 to 0Æ90 and

are consistent with known survival rates for temperate insec-

tivorous bats (Keen & Hitchcock 1980; Hitchcock, Keen &

Kurta 1984; Sendor & Simon 2003; Pryde et al. 2005; Boyles

et al. 2007; Ellison et al. 2007; Frick et al. 2007; Federico,

Dimitrov & McCracken 2008). Life-history theory predicts

survival in bats should be high, given their low fecundity and

long life spans (Barclay & Harder 2003). Although adult sur-

vival rates in this study were fairly high, estimates of 1st year

survival were considerably lower (range: 0Æ23–0Æ46) than we

Fig. 1. Relationship of probability of survival (S) (top panel) and

probability of breeding (1-c’’) (bottom panel) and date of birth for

1st-yearMyotis lucifugus in southernNewHampshire.

Fig. 2. Apparent annual survival estimates from 1993 to 2008 of

adult female Myotis lucifugus in southern New Hampshire (filled

circles; solid line). Adult survival varied by amount of cumulative

summer precipitation (open circles; dashed line).

Fig. 3. Annual estimates of colony size of Myotis lucifugus at the

Carr barn, Peterborough, New Hampshire, indicating number of

adults (solid line and filled circles) and juveniles (dashed line and

open diagonals).
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expected based on other studies of myotine bats (Frick et al.

2007). The influence of pup date of birth on 1st year survival

and breeding propensity provides one of the first quantitative

assessments of fitness consequences to timing of parturition

in bats (Ransome 1989).

INFLUENCE OF CLIMATE ON ANNUAL SURVIVAL

Climate likely influences survival and reproduction in tem-

perate insectivorous bats by controlling productivity of

insects and thus food availability during the energetically

demanding period of reproduction (Ransome & McOwat

1994; Sillett et al. 2000; Arlettaz et al. 2001).Many temperate

vertebrates depend on the productivity of the temperate sum-

mer to meet energetic demands of reproduction as well as to

store fat for over-winter survival. Insectivorous passerines in

the northeastern U.S. show similar patterns of higher sur-

vival and reproductive success in wet years because of

increased prey availability of lepidopteran larvae (Sillett

et al. 2000). Although minimum temperature is most often

associated with limiting volant insect availability and forag-

ing activity of bats (Anthony et al. 1981; Ciechanowski et al.

2007), our results suggest that cumulative precipitation dur-

ing the period of bat activity (April–October) is more

strongly associated with annual survival. Lack of support for

an influence of average minimum temperature on bat sur-

vival could be due to low year-to-year variability in tempera-

ture compared to that of seasonal precipitation (Hayhoe

et al. 2007).

The link between moisture availability and insect abun-

dance is the likely driver of the positive influence of summer

precipitation on survival of M. lucifugus. High precipitation

is associated with increased abundance of insects, including

culicids (mosquitos), dipterans (flies), and lepidopterans

(moths) (Williams 1951; Sillett et al. 2000; Landesman et al.

2007), which are important components in diets of this

species in the northeastern U.S. (Anthony & Kunz 1977).

Although foraging generalists,M. lucifugus forage heavily on

aquatic emergent insects (Anthony & Kunz 1977; Syme,

Fenton & Zigouris 2001). Diet selectivity may increase when

insect abundance is high, suggesting that favourable climatic

conditions could increase prey quality as well as quantity

(Anthony & Kunz 1977). The positive influence of precipita-

tion on survival may be regionally variable and depend on

timing of precipitation (Grindal, Collard & Brigham 1992;

Syme et al. 2001; Burles et al. 2009).

Climate change will likely influence wildlife populations in

complex ways, such as altering food availability and timing

of reproduction as well as disrupting the synchronicity of

prey availability during physiological stressful periods

(Rodenhouse et al. 2009). Projections of changes in regional

climate in the northeast indicate that winter precipitation will

increase but summer precipitation will decrease slightly, and

summers may be drier due to rising temperatures and length-

ening of the growing season, creating longer periods of

drought (Hayhoe et al. 2007, 2008; Huntington et al. 2009).

These regional climatic changes could have profound influ-

ences on bat populations in the northeastern U.S., especially

if increased summer drying affects the availability of insect

prey during reproduction (Rodenhouse et al. 2009). Popula-

tions ofM. lucifugus in the northeastern U.S. could be nega-

tively affected by drying summer conditions associated with

climate change as annual survival of adult females is reduced

in drier years (Fig. 2). Population growth in long-lived spe-

cies is often sensitive to variation in adult survival relative to

other fitness components, and therefore results of this study

raise important considerations for conservation of this spe-

cies (Gaillard et al. 2000). Future studies on how projected

climate change will influence abundance and temporal avail-

ability of insects are needed to better understand the causal

relationships between climate and bat survival (Rodenhouse

et al. 2009).

FITNESS CONSEQUENCES OF TIMING OF PARTURIT ION

Our results suggest early parturition has significant fitness

benefits, given that young born in early summer have a higher

probability of surviving and breeding in their first year than

pups born later in the summer (Fig. 1). Young bats need time

to learn how to forage successfully and deposit fat stores

prior to hibernation. Selective pressures should favour early

parturition, as differences of just a few weeks result in signifi-

cant differences on a young bat’s chance of survival and

reproducing. This is consistent with predictions from life-his-

tory theory and work by Ransome (1989) and Hoying &

Kunz (1998) that showed late parturition had negative conse-

quences for growth and survival of juvenile greater horseshoe

bats Rhinolophus ferrumequinum in Great Britain, and tricol-

oured bats Perimyotis subulatus in Massachusetts, respec-

tively. Other studies have shown that food availability and

weather conditions may influence the timing of parturition in

insectivorous bats (Racey 1973; Grindal et al. 1992; Arlettaz

et al. 2001; Burles et al. 2009). Our work emphasizes how

reproductive timing and factors that influence when young

are born have important consequences for population

dynamics of this species by influencing 1st year survival and

breeding propensity.

Our estimates of 1st year survival were lower than other

estimates for temperate bat species (Sendor & Simon 2003;

Pryde et al. 2005; Ellison et al. 2007; Frick et al. 2007). Age-

specific survival has been reported in several bat populations

and adult survival tends to be significantly higher than 1st

year survival (Hoyle, Pople & Toop 2001; Sendor & Simon

2003; Pryde et al. 2005; Ellison et al. 2007; Frick et al. 2007).

The robust design directly accounts for temporarymovement

away from the maternity colony by estimating temporary

emigration, but permanent emigration from the natal roost

could negatively bias survival (Kendall et al. 1997). Con-

founding of permanent emigration and mortality is a com-

mon problem in mark-recapture studies (Sandercock 2006).

Some band loss occurred over the 16-year study period and

may have been more problematic for young bats (D.S.

Reynolds, pers. obs), which could negatively bias survival

estimates. Mortality risks for 1st year bats could also be
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higher in our study area than in other populations and

regional variability in mortality could be important for

understanding spatial population dynamics (Pulliam 1988).

REPRODUCTIVE RATES

Reproductive rates within the maternity colony were mark-

edly high (Table 1). Over the 16-year study period, an aver-

age of only 5% of adult females captured in the maternity

colony were in non-reproductive condition (Table 1). This

contrasts with Barclay et al.’s (2004) prediction that high sur-

vival rates should provide flexibility to forgo breeding if con-

ditions are unfavourable. Measuring reproductive rates

(proportion of breeding to non-breeding females) at mater-

nity colonies may be positively biased if non-reproductive

females do not return to the maternity colony in years when

they forgo breeding (Barclay et al. 2004). Females who are

reproductively active benefit from the thermodynamic and

social advantages conferred by colonial behaviour during

pregnancy and lactation, but these benefits may not attract

non-reproductive females (Barclay et al. 2004). Our data sug-

gest this may be true for 1 yr old females, who have a 23–

53% probability of returning to the colony to breed in the

summer after their birth year. However, our data indicate

that adult females return to the colony each year regardless

of their breeding status, as the best-fit models fixed the proba-

bility of an adult bat leaving the colony for a given year at

zero (Table 2). This suggests that proportions of breeding to

non-breeding females found in maternity colonies should be

representative of the adult population’s reproductive rate.

In 2008, the reproductive rate at this colony was notably

lower than the previous 15 years (Table 1). This reduction

could be related to the recent spread of White-Nose Syn-

drome (WNS) into bats in the northeastern U.S. (Blehert

et al. 2008). White-Nose Syndrome, named for the fungus

(Geomyces destructans) that grows on muzzles and wings of

hibernating bats, was first detected in caves in winter of 2006

in upstate New York and has been associated with altered

hibernating behaviour and massive mortalities in hibernating

caves throughout the northeastern U.S. (Blehert et al. 2008;

Gargas et al. 2009). Our data suggest that in addition to high

mortality at hibernacula, WNS could have other negative

demographic effects by lowering reproductive rates of survi-

vors, further impacting populations. Thus, further research is

urgently needed to assess reproductive rates of M. lucifugus

in the northeastern U.S. since the appearance of WNS, so

that these data can be compared.

POPULATION TRENDS

Estimates of colony size from our analysis suggest there was

a significant decline in number of individuals at the maternity

colony after the first two years of the study, but that the pop-

ulation was relatively stable from 1995 through 2008 (Fig. 3).

The cause of the population decline in 1995 is not clear, but

could be due to a variety of factors, including disturbance to

the colony due to the installation of a new roof on the barn.

For most years, estimates of the number of female juveniles

are roughly half the number of female adults, which is what

we would expect if sex ratios of young are close to 1:1, given

that females give birth to one pup per year and males were

excluded from the analysis. However, in the later years of the

study, there are unexpected patterns of higher estimates of

female juveniles than adults. Heterogeneity in recapture

among adults and juveniles in 2004–2008 is the most parsi-

monious explanation and corresponds to a shift in sampling

effort concentrated later in thematernity season.

Monitoring of summer maternity colonies may prove

important for determining population-level impacts of

White-Nose Syndrome on northeastern bat populations. An

estimated 1 million bats have died since 2007, when mortali-

ties were first observed (A. Hicks, unpublished data). White-

Nose Syndrome has rapidly spread geographically each

winter and reached as far south asVirginia in 2008–2009, rais-

ing concerns about the population viability of this and other

hibernating bat species.Mark-recapture studies at hibernacu-

la are strongly discouraged because of potential negative

impacts of disturbance to hibernating bats (Tuttle & Steven-

son 1982), but summer maternity colonies could provide

valuable data on regional population declines. The baseline

data collected at this colony provides a long-term perspective

on demographic and population trends for the most common

species affected by this emerging disease.

Acknowledgements

We thank B. Fenton,M. Garel, T. Hallam and P. Cryan for thought-

ful reviews of our manuscript. We especially wish to thank the

Francis Carr family for allowing us to study the bats that occupy the

barn on their property in Peterborough, New Hampshire. We also

wish to thank Jeff Laake for sharing RMark and for his assistance.

We thank Bill Kendall and Gary White for answering questions

about the robust design in ProgramMARK. This project was funded

by a USFWS White-Nose Syndrome grant to W.F.F., D.S.R. and

T.H.K., graduate research grants to D.S.R. from the Theodore

Roosevelt Fund, Sigma Xi, and the American Society of Mammalo-

gists, and a National Science Foundation Grant to THK (IIS-

0326483).

References

Anthony, E.L.P. & Kunz, T.H. (1977) Feeding strategies of the little brown

bat,Myotis lucifugus, in southernNewHampshire.Ecology, 58, 775–786.

Anthony, E.L.P., Stack, M.H. & Kunz, T.H. (1981) Night roosting and the

nocturnal time budgets of the little brown bat, Myotis lucifugus: effects of

reproductive status, prey density, and environmental conditions. Oecologia,

51, 151–156.

Arlettaz, R., Christe, P., Lugon, A., Perrin, N. & Vogel, P. (2001) Food avail-

ability dictates the timing of parturition in insectivorous mouse-eared bats.

Oikos, 95, 105–111.

Barclay, R.M.R. & Harder, L.D. (2003) Life histories of bats: life in the slow

lane.Bat Ecology (eds T.H.Kunz&M.B. Fenton), pp. 209–256, TheUniver-

sity of Chicago Press, Chicago, IL, USA.

Barclay, R.M.R., Ulmer, J., MacKenzie, C.J.A., Thompson, M.S., Olson, L.,

McCool, J., Cropley, E. & Poll, G. (2004) Variation in the reproductive rate

of bats.Canadian Journal of Zoology, 82, 688–693.

Blehert, D.S., Hicks, A.C., Behr, M., Meteyer, C.U., Berlowski-Zier, B.M.,

Buckles, E.L., Coleman, J.T.H., Darling, S.R., Gargas, A., Niver, R.,

Influence of climate and reproductive timing on demography of little brownmyotis 7

� 2009 TheAuthors. Journal compilation� 2009 British Ecological Society, Journal of Animal Ecology



Okoniewski, J.C., Rudd, R.J. & Stone, W.B. (2008) Bat white-nose

syndrome: an emerging fungal pathogen?Science, 323, 227.

Boyles, J.G., Walters, B.L., Whitaker, J.O. & Cope, J.B. (2007) A reanalysis of

apparent survival rates of Indiana myotis Myotis sodalis. Acta Chiroptero-

logica, 9, 127–132.

Brunet-Rossinni, A.K. & Wilkinson, G.S. (2009) Methods for age estimatino

and the study of senescence in bats. Ecological and Behavioral Methods for

the Study of Bats (eds T.H. Kunz & S. Parsons), pp. 315–328, The Johns

HopkinsUniversity Press, Baltimore,MD,USA.

Burles, D.W., Brigham, R.M., Ring, R.A. & Reimchen, T.E. (2009) Influence

of weather on two insectivorous bats in a temperate Pacific Northwest rain-

forest.Canadian Journal of Zoology, 87, 132–138.

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel

Inference: A Practical Information–Theoretic Approach. Springer, New

York, NY,USA.

Ciechanowski, M., Zajac, T., Bilas, A. & Dunajski, R. (2007) Spatiotemporal

variation in activity of bat species differing in hunting tactics: effects of

weather, moonlight, food abundance, and structural clutter. Canadian Jour-

nal of Zoology, 85, 1249–1263.

Ellison, L.A., O’Shea, T.J., Neubaum, D.J., Neubaum, M.A., Pearce, R.D. &

Bowen, R.A. (2007) A comparison of conventional capture versus PIT

reader techniques for estimating survival and capture probabilities of big

brown batsEptesicus fuscus.Acta Chiropterologica, 9, 149–160.

Federico, P., Dimitrov, D.T. & McCracken, G.F. (2008) Bat population

dynamics: multilevel model based on individuals’ energetics. Mathematical

Biosciences and Engineering, 5, 743–756.

Frick, W.F., Rainey, W.E. & Pierson, E.D. (2007) Potential effects of environ-

mental contamination on Yuma Myotis demography and population

growth.Ecological Applications, 17, 1213–1222.

Gaillard, J.-M., Festa-Bianchet, M., Yoccoz, N.G., Loison, A. & Toigo,

C. (2000) Temporal variation in fitness components and population

dynamics of large herbivores. Annual Review of Ecology and Systemat-

ics, 31, 367–393.

Gargas, A., Trest, M.T., Christensen, M., Volk, T.J. & Blehert, D.S. (2009)

Geomyces destructans sp. nov. associated with bat white-nose syndrome.

Mycotaxon, 108, 147–154.

Grindal, S.D., Collard, T.S. & Brigham, R.M. (1992) The influence of precipi-

tation on reproduction by Myotis bats in British Columbia. American Mid-

landNaturalist, 128, 339–344.

Grosbois, V., Gimenez, O., Gaillard, J.-M., Pradel, R., Barbraud, C., Clobert,

J., Moller, A.P. & Weimerskirch, H. (2008) Assessing the impact of climate

variation on survival in vertebrate populations. Biological Reviews, 83, 357–

399.

Hayhoe, K., Wake, C.P., Huntington, T.G., Luo, L., Schwartz, M.D.,

Sheffield, J., Wood, E., Anderson, B., Bradbury, J. &DeGaetano, A. (2007)

Past and future changes in climate and hydrological indicators in the US

Northeast.Climate Dynamics, 28, 381–407.

Hayhoe, K., Wake, C., Anderson, B., Liang, X.-Z., Maurer, E., Jinhong, Z.,

Bradbury, J., De Gactano, A., Stoner, A.M. & Wuebbles, D. (2008) Regio-

nal climate change projections for the Northeast USA. Mitigation and

Adaptation Strategies for Global Change, 13, 425–436.

Hayssen, V.&Kunz, T.H. (1996)Allometry of littermass in bats: maternal size,

wingmorphology, and phylogeny. Journal ofMammalogy, 77, 476–490.

Hines, J.E. (1996) RDSURVIV User’s Manual. Biological Resources Division,

USGS, Laurel,MD,USA.

Hitchcock, H.B., Keen, R. & Kurta, A. (1984) Survival rates of Myotis leibii

and Eptesicus fuscus in southeastern Ontario. Journal of Mammalogy, 65,

126–130.

Hoying, K.M. & Kunz, T.H. (1998) Variation at size of birth and post-natal

growth in the eastern pipistrelle bat Pipistrellus subflavus (Chiroptera:

Vespertilionidae). Journal of Zoology, 245, 15–27.

Hoyle, S.D., Pople, A.R. &Toop, G.J. (2001)Mark-recapture may reveal more

about ecology than about population trends: demography of a threatened

ghost batMacroderma gigas population.Austral Ecology, 26, 80–92.

Huntington, T.G., Richardson, A.D., McGuire, K.J. & Hayhoe, K. (2009) Cli-

mate and hydrological changes in the northeastern United States: recent

trends and implications for forested and aquatic ecosystems.Canadian Jour-

nal of Forest Research, 39, 199–212.

Hutson, A.M.,Mickleburgh, S.P. &Racey, P.A. (2001)Microchiropteran Bats:

Global Status Survey and Conservation Action Plan. IUCN ⁄ SSC Chiroptera

Specialist Group. International Union for the Conservation of Nature and

Natural Resources, Gland, Switzerland and Cambridge,UK.

Jenouvrier, S., Caswell, H., Barbraud, C., Holland, M., Stroeve, J. &

Weimerskirch, H. (2009) Demographic models and IPCC climate projec-

tions predict the decline of an emperor penguin population. Proceedings of

the National Academy of Sciences of the United States of America, 106, 1844–

1847.

Jones, J., Doran, P.J. & Holmes, R.T. (2003) Climate and food synchronize

regional forest bird abundances.Ecology, 84, 3024–3032.

Jones, G., Jacobs, D.S., Kunz, T.H., Willig, M.R. & Racey, P.A. (2009) Carpe

noctem: the importance of bats as bioindicators. Endangered Species

Research, 8, 93–115.

Keen, R. (1988) Mark-recapture estimates of bat survival. Ecological and

Behavioral Methods for the Study of Bats (ed T.H. Kunz), pp. 157–170.

Smithsonian Institution Press,Washington,D.C., USA.

Keen, R. & Hitchcock, H.B. (1980) Survival and longevity of the little brown

batMyotis lucifugus in southeastern Ontario. Journal of Mammalogy, 61, 1–

7.

Kendall, W.L. (2008) The ‘Robust Design’. Program MARK: ‘A Gentle Intro-

duction’, 7th ed. (eds E. Cooch & G.C. White), pp. 15-01–15-40. Available

at: http://www.phidot.org/software/mark/docs/book, accessed 2 December

2008.

Kendall, W.L. & Nichols, J.D. (1995) On the use of secondary capture-recap-

ture samples to estimate temporary emigration and breeding proportions.

Journal of Applied Statistics, 22, 751–762.

Kendall, W.L., Nichols, J.D. & Hines, J.E. (1997) Estimating temporary emi-

gration using capture-recapture data with Pollock’s robust design. Ecology,

78, 563–578.

Kunz, T.H. &Anthony, E.L.P. (1982) Age estimation and post-natal growth in

the batMyotis lucifugus. Journal ofMammalogy, 63, 23–32.

Kunz, T.H. &Weise, C. (2009)Methods and devices formarking bats. Ecologi-

cal andBehavioralMethods for theStudyofBats (edsT.H.Kunz&S.Parsons),

pp.36–56.TheJohnsHopkinsUniversityPress,Baltimore,MD,USA.

Kunz, T.H., Wrazen, J.A. & Burnett, C.D. (1998) Changes in body mass and

fat reserves in pre-hibernating little brown batsMyotis lucifugus. Ecoscience,

5, 8–17.

Laake, J. & Rexstad, E. (2008) RMark – an alternative approach to building

linear models in MARK. Program MARK: ‘A Gentle Introduction’, 7th ed.

(eds E. Cooch & G.C. White), pp. C-1–C-115. Available at: http://www.

phidot.org/software/mark/docs/book, accessed 29 January 2009.

Landesman, W.J., Allan, B.F., Langerhans, R.B., Knight, T.M. & Chase, J.M.

(2007) Inter-annual associations between precipitation and human incidence

of West Nile virus in the United States. Vector Borne and Zoonotic Diseases,

7, 337–343.

Lebreton, J.D., Burnham,K.P., Clobert, J. &Anderson, D.R. (1992)Modeling

survival and testing biological hypotheses usingmarked animals: case studies

and recent advances.EcologicalMonographs, 62, 67–118.

Lewis, S.E. (1995) Roost fidelity of bats: a review. Journal of Mammalogy, 76,

481–496.

Ludwig, G.X., Alatalo, R.V., Helle, P., Lindén, H., Lindström, J. & Siitari, H.

(2006) Short- and long-term population dynamical consequences of asym-

metric climate change in black grouse. Proceedings of the Royal Society B-

Biological Sciences, 273, 2009–2016.

Morris, W.F. & Doak, D.F. (2002) Quantitative Conservation Biology: Theory

and Practice of Population Viability Analysis. Sinauer Associates, Inc., Sun-

derland,MA,USA.

O’Donnell, C.F.J. (2009) Population dynamics and survivorship in bats. Eco-

logical and Behavioral Methods for the Study of Bats (eds T.H. Kunz & S.

Parsons), pp. 158–176. The Johns Hopkins University Press, Baltimore,

MD,USA.

O’Shea, T.J., Ellison, L.E. & Stanley, T.R. (2004) Survival estimation in bats:

historical overview, critical appraisal, and suggestions for new approaches.

Sampling Rare or Elusive Species (ed W.L. Thompson), pp. 297–336. Island

Press,Washington, D.C.,USA.

Pollock, K.H. (1982) A capture-recapture design robust to unequal probability

of capture. Journal ofWildlifeManagement, 46, 757–760.

Pomeroy, D. (1990)Why fly?: the possible benefits for lower mortality. Biologi-

cal Journal of the Linnean Society, 40, 53–66.

Pryde, M.A., O’Donnell, C.F.J. & Barker, R.J. (2005) Factors influencing sur-

vival and long-term population viability of New Zealand long-tailed bats

Chalinolobus tuberculatus: implications for conservation. Biological Conser-

vation, 126, 175–185.

Pulliam, H.R. (1988) Sources, sinks, and population regulation. The American

Naturalist, 132, 652–661.

Racey, P.A. (1973) Environmental factors affecting the length of gestation in

heterothermic bats. Journal of Reproduction and Fertility, Supplement, 19,

175–189.

Racey, P.A. (2009) Reproductive assessment of bats. Ecological and Behavioral

Methods for the Study of Bats (eds T.H. Kunz & S. Parsons), pp. 249–264.

The JohnsHopkins University Press, Baltimore,MD,USA.

8 W. F. Frick, D. Scott Reynolds & T.H. Kunz

� 2009TheAuthors. Journal compilation � 2009 British Ecological Society, Journal of Animal Ecology



Racey, P.A. & Entwistle, A.C. (2003) Conservation ecology of bats. Bat Ecol-

ogy (eds T.H. Kunz & M.B. Fenton), pp. 680–743. The University of Chi-

cago Press, Chicago, IL, USA.

Ransome, R.D. (1989) Population changes of greater horseshoe bats studied

near Bristol over the past twenty-six years. Biological Journal of the Linnean

Society, 38, 71–82.

Ransome, R.D. & McOwat, T.P. (1994) Birth timing and population changes

in greater horseshoe bat colonies Rhinolophus ferrumequinum are synchro-

nized by climatic temperature. Zoological Journal of the Linnean Society,

112, 337–351.

Reynolds, D.S. (1999)Variation in life-history traits in the little brown bat, Myo-

tis lucifugus (Chiroptera: Vespertilionidae). PhD thesis, (ed T.H. Kunz), pp.

337. BostonUniversity, Boston,MA,USA.

Rodenhouse, N.L., Christenson, L.M., Parry, D. &Green, L.E. (2009) Climate

change effects on native fauna of Northeastern forests. Canadian Journal of

Forest Research, 39, 249–263.

Saether, B., Tufto, J., Engen, S., Jerstad, K., Rostad, O.W. & Skâtan, J.E.
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