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Abstract

Reduced food availability is implicated in declines in avian aerial insectivores,
but the effect of nutritional stress on mammalian aerial insectivores is unclear.
Unlike birds, insectivorous bats provision their young through lactation, which
might protect nursing juveniles when prey availability is low but could
increase the energetic burden on lactating females. We analyzed a 15-year
capture-mark-recapture data set from 5312 individual little brown myotis
(Myotis lucifugus) captured at 11 maternity colonies in northwestern Canada,
to test the hypothesis that nutritional stress is impacting these mammalian
aerial insectivores. We used long-bone (forearm [FA]) length as a proxy for
relative access to nutrition during development, and body mass as a proxy for
access to nutrition prior to capture. Average FA length and body mass both
decreased significantly over the study period in adult females and juveniles,
suggesting decreased access to nutrition. Effect sizes were very small, similar
to those reported for declining body size in avian aerial insectivores. Declines
in juvenile body mass were only observed in individuals captured in late sum-
mer when they were foraging independently, supporting our hypothesis that
lactation provides some protection to nursing young during periods of nutri-
tional stress. Potential drivers of the decline in bat size include one or both of
(1) declining insect (prey) abundance, and (2) declining prey availability.
Echolocating insectivorous bats cannot forage effectively during rainfall,
which is increasing in our study area. The body mass of captured adult females
and juveniles in our study was lower, on average, after periods of high rainfall,
and higher after warmer-than-average periods. Finally, survival models revealed
a positive association between FA length and survival, suggesting a fitness
consequence to declines in body size. Our study area has not yet been impacted
by bat white-nose syndrome (WNS), but research elsewhere has suggested that
fatter bats are more likely to survive infection. We found evidence for WNS-
independent shifts in the body size of little brown myotis, which can inform
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INTRODUCTION

Globally, many aerial insectivores have declined in
abundance since the mid-1980s, with steep declines docu-
mented for many insectivorous birds (Bowler et al., 2019;
Nebel et al., 2011, 2020; Powell et al., 2015). Declining
insect prey has been proposed as a primary driver of the
concomitant decline of several avian aerial insectivores
(Cox et al., 2019; Spiller & Dettmers, 2019), but the evi-
dence is equivocal and declines are likely to be multifac-
torial, with the relative impact of specific factors varying
among species (Michel et al., 2016). The rate of avian
declines varies both geographically and taxonomically,
but long-term declines have been documented for many
species that are obligatory predators of aerial insects. The
effect of prey declines on other taxonomic groups of
aerial insectivores, such as bats, remains a key gap in our
understanding of the impact of global insect declines on
biological diversity.

Nutritional stress during development can affect body
size at maturity in species that exhibit determinate growth
(i.e., growth ceases when the individual reaches maturity).
Long-bone length at maturity is determined in part by
caloric intake during early development (Hermanussen
et al., 1996; Romano et al., 2010), whereas body mass var-
ies with recent caloric intake. Therefore, changes in long-
bone length can act as a proxy for nutritional stress during
development (Gardner et al., 2009), whereas body mass
reflects recent abundance or availability of food resources
(McGuire et al., 2018).

Nutritional stress can be caused by a reduction in prey
abundance or quality, phenological mismatch between
prey availability and foraging, or a weather-induced reduc-
tion in foraging opportunities (Cox et al., 2019; English
et al., 2018). These mechanisms are not mutually exclusive
and can exert cumulative effects on aerial insectivores.
These effects may be exacerbated by climate change, and
they each can drive decreased body size or mass under
some conditions (Kelly et al., 2018; Riemer et al., 2018;
Salewski et al., 2010; Teplitsky & Millien, 2014). The num-
ber of insect prey encountered by species that forage pri-
marily using an aerial-hawking strategy, such as the little
brown myotis (Myotis lucifugus), should be directly linked

studies investigating population responses to WNS. More broadly, the cumula-
tive effects of multiple stressors (e.g., disease, nutritional stress, climate change,
and other pressures) on mammalian aerial insectivores require urgent attention.

aerial insectivore, body size, climate change, developmental biology, lactation, little brown
bat, morphology, Myotis lucifugus, nutritional stress

to the abundance of aerial insects. Shifting precipitation
regimes can limit foraging opportunities for aerial insecti-
vores, even at sites where insect abundance has not
declined (Cox et al., 2019; Sherwin et al., 2013). Many
aerial insects suspend flight during rainfall, as do some
insectivorous bats and birds that hunt them (Belwood &
Fullard, 2009; Geipel et al., 2019; Voigt et al., 2011).

Effects of climate change are associated with general
trends of decreasing body size in birds (Gardner et al., 2009;
van Gils et al., 2016; Weeks et al., 2020), and evidence of
nutritional stress in a range of avian species implicates
shifting prey availability as the proximate cause of decline
in some bird populations. For instance, tree swallows
(Tachycineta bicolor) exhibited decreased body mass linked
to frequency of recent rainfall and limited foraging opportu-
nities (Cox et al., 2019).

Avian aerial insectivores provision their nestlings by
capturing prey and feeding them to their young. Food avail-
ability for nestlings is therefore linked directly to availability
of prey for foraging parents, whose prey consumption typi-
cally peaks during the reproductive season (e.g., Kelly
et al., 2013). However, reduced availability of arthropod
prey might have a less direct effect on nutritional intake by
pups of insectivorous bats. Lactation is energetically costly
for bats, but may provide a more stable food source for their
pups when prey availability is low. Examining changes in
body size of insectivorous bats would complement previous
work on body size in birds, and further clarify the relative
impacts of prey availability on aerial insectivores.

We used morphometric data collected from little brown
myotis at a network of maternity colonies monitored over
15 years to test the hypothesis that nutritional stress is
impacting mammalian aerial insectivores similarly to their
avian counterparts, and to explore how increasing precipita-
tion and temperature in our study area might affect prey
availability. We were specifically interested in exploring
whether maternal provisioning of pups through lactation
could buffer juvenile bats against nutritional stress caused by
shifts in prey availability. We considered markers of potential
nutritional stress at two temporal scales. First, we used fore-
arm length as a proxy for relative access to nutrition during
development. Second, we used body mass as a proxy for
access to nutrition in days prior to capture. We tested three
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TABLE 1
juvenile little brown myotis (Myotis lucifugus; 6146 adult females; 429 juvenile females and 343 juvenile males) from Yukon, Canada,
2004-2018

Predictor variables included in four models of average size modeling (forearm length [mm] and mass [g]) of adult and

Adult females Juveniles
Hypothesis Predictor variables considered Forearm Mass Forearm  Mass
H;. Larger bats are heavier on Forearm length (to account for size; Rioux Paquette X X
average et al., 2014)
Sex (to account for sexual size dimorphism or for X X
different energetic strategies between sexes)
Pregnant bats are heavier on Reproductive status: pregnant or not pregnant X
average
H,. Bats are experiencing chronic Year X X X X
nutritional stress, either
because of reduced prey
availability or reduced foraging
opportunities
Ordinal day (to account for changing mass over x* X
time, either due to energetic costs of pregnancy,
for adult females, or to provisioning for
hibernation for all individuals)
An interaction between year and ordinal day to X X
account for seasonal variation in mass
An interaction between year and ordinal day, to e
account for long-bone growth in the first year
H;. Weather affects foraging Cumulative precipitation (CPRECIP) in the 10 days X X
opportunities for insectivorous prior to capture (i.e., acute effects of reduced
bats, with increased foraging opportunity on mass in all bats, or on
precipitation limiting foraging long-bone growth in juveniles)
activity, and increased
temperature increasing prey
activity
Proportion of precipitation days (PPD) from return X X
to maternity colonies (ordinal day 107) to date
of capture (i.e., impact of seasonal precipitation
on adults’ foraging opportunity)
Proportion of precipitation days (PPD) from X
juvenile volancy (~ ordinal day 185) to date of
capture (i.e., impact of seasonal precipitation on
juvenile foraging opportunities or on maternal
provisioning)
Mean-centered minimum temperature (a measure X X
of how minimum temperature in the 10 days
preceding capture varies from the average for
that 10-day period across 15 years)
Maternity colony ID (random effect) X X X X
H,. Bigger bats experience higher Capture-mark-recapture analysis of survival rates, X X

survival rates

including forearm length and local precipitation

“The adult female body mass model used a GAM with a smoothing term for ordinal day (please refer to Methods).
"Removed from the final "juvenile forearm" linear mixed model after preliminary data analyses showed no association between ordinal date and forearm length.

broad hypotheses (Table 1) including general effects of body
size on mass (H,), the hypothesis that bats in our study area
experienced chronic nutritional stress due to reduced

prey availability (H,), and the hypothesis that increased
precipitation frequency reduced foraging opportunities for
insectivorous bats (Hsz). To assess short-term (15 years)
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changes in nutritional stress experienced by developing juve-
niles we tested for temporal trends in long-bone length at
maturity, and explored changes in average juvenile and adult
body mass. To explore the potential effects of shifting cli-
matic conditions on prey availability, we also quantified the
association among body mass at time of capture, the fre-
quency of precipitation prior to the capture event, and
warming temperatures in the study area. Finally, we hypoth-
esized that nutritional stress during early development has
long-term effects on fitness (Table 1; H,). To test the conse-
quences of body size in our system, we modeled survival to
test the prediction that survival probability was lower for
smaller bats.

METHODS
Bat morphometrics

We leveraged a capture-mark-recapture (CMR) data set
from 11 little brown myotis maternity colonies in Yukon,
Canada, to which resident bats return before approxi-
mately 17 April each year (Slough & Jung, 2008, 2020;
Appendix S1: Figure S1). The full CMR data set included
8875 captures of 5312 unique individuals over 21 years
(1997-2018). Bats were captured during emergence at
dusk, prior to foraging, using mist nets and harp traps at
maternity colonies located in bat houses or buildings
(Slough & Jung, 2008, 2020). Sex was recorded for each cap-
tured bat based on the presence or absence of a penis, and
we distinguished adults (>1 year old) from juveniles (young
of the year that survived to volancy) based on ossification of
the phalangeal joints (Kunz & Anthony, 1982). We weighed
each bat using a digital scale (£0.1 g), and measured the
forearm with digital calipers (+0.1 mm). Pregnancy was
assessed by gently palpating the abdomen of females. We
applied an individually marked, 2.9 mm, lipped, aluminum
band to the forearm of each bat, and then released them at
the capture site. Capture and handling of bats was in com-
pliance with guidelines from the American Society of Mam-
malogists (Sikes, 2016) and permitted by the Government of
Yukon through regulations in the Yukon Wildlife Act.

Modeling temporal trends in bat size

We tested our hypotheses with linear mixed models using
the Ime4 package to model forearm growth and the body
mass of juveniles (Bates et al., 2015), and used a general-
ized additive model (GAM) using the mgcv package
(Wood et al., 2016) to model body mass in adult females,
which showed seasonal effects of reproduction and hiber-
nation. All analyses were conducted in R version 4.0.0

(R Core Team, 2016). We excluded early years (pre-2004)
and adult males from the data set for these analyses due
to lower sample sizes, restricting our analysis to data
collected at 11 colonies between ordinal day 107 and
240 (17 April and 28 August, counting from ordinal day 1
of January 1), from 2004 to 2018. We included data in the
adult body mass models from all individuals for which
both body mass and forearm length were measured. We
excluded recaptures from the juvenile models and used
only the first capture for each individual juvenile because
there were insufficient within-year recaptures of juvenile
bats (n = 10) to account for within-year, intraindividual
variation in bat size.

We included forearm length as a fixed effect in models
of adult and juvenile body mass, to account for effects of bat
skeletal size on mass (Rioux Paquette et al., 2014; Table 1;
H;). Sex was also included as a fixed effect in models of
juvenile forearm length and body mass, and reproductive
status (pregnant or not pregnant) was included in models of
adult female body mass to account for the effects of preg-
nancy. Juvenile forearms grow until individuals are 21 days
old, corresponding roughly with volancy (Baptista et al.,
2000; Kunz & Anthony, 1982), and may continue to
increase slightly as juveniles prepare for hibernation. How-
ever, we found no effect of ordinal date on juvenile forearm
length (data not shown), so capture date was removed from
our forearm length models. Forearm length of mature bats
should be stable over time because bats exhibit determinate
growth, and ordinal date was therefore not included in
models of forearm length. Juvenile bat body mass increases
through late summer and fall as they prepare for hiberna-
tion, so we included capture date in the model of juvenile
mass to account for body mass increase within each year.
The average body mass of adult females in a maternity col-
ony increases through pregnancy, decreases following partu-
rition, and then increases gradually until hibernation. We
used a GAM with a smoothing term for capture (ordinal)
date to account for this seasonal variation in adult female
body mass in response to the energetic costs of maternal
investment.

Mechanisms of nutritional stress affecting bats could
include a decline in aerial insect abundance over the
study period, and/or reduced foraging opportunities due
to increased precipitation. No trend data for aerial insect
abundance were available in our study area, but we
hypothesized that if bats are experiencing chronic nutri-
tional stress (Table 1; H,), then we would observe a nega-
tive, linear effect of “year” on mean adult forearm length
over time, as juvenile bats experienced nutritional stress
impacting long-bone development and resulting in
smaller size at maturity (Table 1; H,). This hypothesis
also predicted that mean adult female mass would
decrease over time, as females offset the effects of
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nutritional stress on their young through maternal
investment (pregnancy and lactation). If maternal care
(lactation) buffers juvenile bats against the effects of
reduced prey availability, changes in juvenile mass might
be greater near the end of the summer, when the diet of
weaned pups is no longer subsidized by nursing.

Bats might experience nutritional stress with shifting
weather conditions even if prey abundance is stable.
Increased precipitation can reduce foraging opportuni-
ties, whereas warmer nighttime temperatures may result
in increased insect activity and therefore prey availability
(Table 1; Hj). To incorporate the potential effects of
weather on body mass in our models, we extracted data
on precipitation and temperature from weather stations
nearest to each monitored maternity colony. Average dis-
tance from weather stations to colonies was 44 km
(range = 0.7-120 km; Appendix S1: Figure S1). Within
each year, we calculated the proportion of local precipita-
tion days (PPD) prior to each individual capture: (num-
ber of days with >1 mm precipitation between 17 April
and the day preceding the capture event)/(total number
of days between 17 April [approximate date of spring
return to maternity colonies by adult females] or 4 July
[first documented volancy for juveniles] and the day pre-
ceding the capture event). The PPD variable provided a
rough proxy for aerial-hawking opportunities experi-
enced by each individual over the active season prior to
capture. Little brown myotis can also glean prey
(Kaupas & Barclay, 2018; Ratcliffe & Dawson, 2003;
Shively et al., 2018), but we expected that heavy rain
would still interfere with navigation and foraging. We
also calculated the local, cumulative precipitation volume
(CPRECIP) in the 10 days preceding each capture event,
as a proxy for bats’ foraging opportunities prior to cap-
ture. Precipitation was recorded as a daily total by the
weather stations, so these data represent rainfall over a
24-h period, as data for the evening only were not avail-
able. Low temperatures can affect insect activity, but the
range of temperatures that insects can tolerate is likely to
vary across species and latitudes, so identifying the cor-
rect threshold temperature to indicate reduced prey activ-
ity is challenging. Instead, we quantified mean-centered
minimum temperature by averaging the minimum tem-
perature in the 10 days prior to capture, and quantifying
the deviation of that average from the average over the
same sequence of ordinal days, across the study period
(Bonamour et al., 2020). Therefore, mean-centered mini-
mum temperature provides a measure of departure from
“normal” minimum temperatures, for each 10-day period
prior to capture.

Effect and interaction plots were created using the
Jtools and Interactions packages (Long, 2019). Assumptions
of model fit were checked with diagnostic plots of

residuals. Maternity colony ID was included as a random
intercept effect for all models reflecting the high site fidel-
ity of females to the study colonies (Slough & Jung, 2020).

Survivorship analysis to test correlates of
bat fitness

To test whether potential shifts in body size or precipitation
might also affect individual fitness (Table 1; H,), we esti-
mated annual survival from 1997 to 2018 at 11 colonies and
a subset of these data from 2011 to 2018 using the
Cormack-Jolly-Seber CMR model (Cormack, 1964; Jolly,
1965; Seber, 1965). This model estimates two fundamental
parameters (1) the probability of apparent survival to the
next year, (¢p; a product of survival and residency probabil-
ity) and (2) recapture probability (p). The subset data con-
centrated on a period of time in which individuals’ forearm
lengths were measured, and when temperature and precipi-
tation data at the colonies were available. We hypothesized
that if nutritional stress during early development has carry-
over effects on individual fitness, then bats with longer fore-
arms would have a greater probability of survival, and we
also hypothesized that survival might be associated with
access to foraging opportunities, for which precipitation is a
proxy. For the complete data set, we considered survival
and recapture probability to be constant or vary in combina-
tions (additive and interactions) of year, sex (male or
female), colony, and age (juvenile or adult). For the subset
data, we hypothesized p to be constant, vary by year, sex
(male or female), colony, age (juvenile or adult), or an addi-
tive or interaction effect between year and sex. We hypothe-
sized ¢ to vary by year, age, sex, colony, forearm length,
total precipitation at the colony, the number of days of pre-
cipitation at each colony, or a mixed combination. Individ-
uals determined to be juveniles were classified as juveniles
for that year, and subsequently reclassified as adults. We
fitted models in program MARK (White & Burnham, 1999)
and compared models using Akaike’s information criterion
(AIC) with a correction for small sample size (AIC;
Burnham & Anderson, 2002). We used AIC. weights to
evaluate the probability each model is the best in terms of
minimizing the Kullback-Leibler discrepancy, given the
data and model set. To assess the effect size, we calculated
pseudo R values for each fixed effect in the top model.

RESULTS
Factors affecting bat size

The data subset used to explore temporal changes in bat
size (2004-2018) included 6918 sets of measurements
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from 5136 unique individuals (4371 adult females,
422 juvenile females, and 343 juvenile males). Body mass
increased with forearm length (H;). Adult female body
mass increased, on average, by 0.15 g for every 1 mm of
forearm length (pseudo R* = 0.028), and juvenile body
mass increased by 0.30 g for every 1 mm of forearm
length (pseudo R? = 0.024).

The factors we tested generally had statistically signif-
icant effects on body size, although the effect sizes were
consistently very small. Forearm length of adult females
declined significantly across our study period, decreasing
on average by 0.02 mm/year (pseudo R> = 0. 004; H,;
Table 2, Figure 1). Forearm length of juvenile bats
decreased by 0.04 mm/year, on average (pseudo
R? = 0.01), and juveniles displayed sexual size dimor-
phism with mean male forearms being 0.40 mm shorter
than females (pseudo R®> = 0.028; Figure 1). This

TABLE 2
myotis (Myotis lucifugus) in Yukon, Canada, 2004-2018.

Adult females (n = 3314)

represents an estimated decrease in forearm length of
0.3 mm for adult females and 0.6 mm for juveniles
across the 15-year study period, but with very small effect
sizes.

In support of our hypothesis (H,), average body
mass decreased during our study period. Cumulative pre-
cipitation provided no predictive power and we omitted it
from the final adult and juvenile models. As there was
also no significant interaction between year and capture
date for adult female body mass, this term was also omit-
ted from the final model for adult female body mass
(Appendix S1: Table S1). All other tested variables were
significant predictors of body mass in adult females,
which decreased on average by 0.026 g/year (pseudo
R? = 0.013; Table 3, Figure 2). Ordinal date of capture
was a significant predictor of adult female body mass
(pseudo R* = 0.053), which was 1.380 g more, on

Parameter estimates and SE from linear regression models exploring shifts in average forearm length (mm) of little brown

Juvenile (n = 765)

Fixed effects i} SE p B SE p
Intercept (female, year 1) 75.049 14.373 <0.001 113.805 30.794 <0.001
Year —0.018 0.007 0.011 —0.037 0.015 0.015
Sex (male) —0.399 0.084 <0.001
Note: Bold font indicates statistical significance at a-level 0.05.
Adult females Juveniles
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FIGURE 1 Average forearm length (mm) of adult female and juvenile little brown myotis (Myotis lucifugus) monitored at 11 maternity

colonies in Yukon, Canada, decreased significantly over 15 years (2004-2018).
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TABLE 3 Parameter estimates and SE from linear and generalized additive regression models exploring shifts in average mass (g) of
little brown myotis (Myotis lucifugus) in Yukon, Canada, 2004-2018.

Adult females (n = 6123) Juvenile (n = 765)
Fixed effects B SE P [i] SE P
Intercept 56.057 9.510 <0.001 —2267.744 447.417 <0.001
Forearm 0.153 0.011 <0.001 0.304 0.020 <0.001
Year —0.026 0.005 <0.001 1.123 0.222 0.156
Sex (male) —0.143 0.046 0.002
Reproductive status (pregnant) 1.380 0.028 <0.001
Ordinal day <0.001* 10.428 2.098 0.036
Year x Ordinal day
—1 SD (day 206) 0.059 0.012 <0.001
Mean (day 215) 0.013 0.009 0.156
+1 SD (day 223) —0.032 0.014 0.023
PPD —0.007 0.002 0.001 —0.012 0.003 <0.001
MCMTemp 0.006 0.009 0.498 0.086 0.026 0.001

Note: PPD = proportion (percentage) of precipitation days between estimated spring arrival at maternity sites (adults) or onset of volancy (juveniles), and
capture date. MCMTemp = mean-centered minimum temperature (please refer to “Methods” for details). Bold font indicates statistical significance at
a-level 0.05.

*Significant (p < 0.001), non-linear relationship modeled with GAM (Appendix S1: Figure S2).
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average, in pregnant females (pseudo R* = 0.254).
Female body mass decreased following parturition, and
increased steeply after pups were weaned (Appendix S1:
Figure S2). Weather conditions prior to capture par-
tially predicted body mass of adult females (H;), which
decreased as the PPD prior to capture increased
(Table 3; pseudo R? = 0.011; Figure 3) but was not
affected by mean-centered minimum temperature
(Appendix S1: Figure S3).

Juvenile body mass was significantly affected by the
interaction between year and ordinal date (pseudo
R? = 0.068; Table 3, Figure 2). Juvenile mass decreased
on average by 0.032 g/year (pseudo R*> = 0.0006), but
only for individuals captured in the post-weaning period
(near day 223; 11 August), when juveniles are foraging
independently and no longer subsidized by their mothers.
Juveniles captured around the time the pups became
volant (day 206; 25 July 25) actually increased in mass by
0.059 g/year over the study period, whereas juveniles cau-
ght around the mean sampling date for juvenile captures
(day 215; 3 August) showed no significant changes in
mass over the study period (Figure 2). Weather condi-
tions affected juvenile body mass, which declined by
0.012 g, on average, with each 1% increase in PPD
(pseudo R? = 0.026; Figure 3), but was higher, on aver-
age, in bats captured after warmer-than-average periods
(pseudo R* = 0.019; Appendix S1: Figure S3).

Analyzing weather trends in detail was beyond the
scope of this study, but temperature and precipitation in
our study area both generally increased over the study
period. Linear models of weather station data estimated
that yearly mean minimum temperatures during the
active season for bats increased by 0.7°C (Appendix S1:
Figure S4), and the number of days with >1 mm precipi-
tation increased by 6.5 days during our 15-year study
period (Appendix S1: Figure S5).

Survival analysis

The number of individuals captured and recaptured var-
ied by year (Appendix S1: Table S2) and across colonies
(Appendix S1: Table S3). We caught a total of 5158 indi-
viduals (4701 female, 457 male) at least once. Of these,
we initially caught 923 individuals as juveniles and 4235
as adults. Model selection results using the complete data
set identified a single model with all AIC. weight
(Appendix S1: Table S4), in which survival varied by age,
sex, and colony, whereas recapture probability varied by
year and sex (Appendix S1: Table S5). Recapture proba-
bility of females was much higher than males in all years,
and increased over time, most likely to reflect increased
sampling effort (Appendix S1: Figure S6). There was
support for strong spatial variation in survival across the
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indicate 95% confidence intervals. Note different axis ranges on the two plots.
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different colonies, and for lower juvenile survival proba-
bilities compared with adults (p = —1.41, —1.76 to
—1.06, 95% CI; Appendix S1: Figures S7, S8). There was
no support for lower male survival compared with
females (p = 0.516, —1.279 to 2.311 95% CI), although
there was a smaller sample size for males.

The subset of data from 2011 to 2018 included 3042
individuals (2465 female, 577 male). We found support for
a single model with all the AIC. weights (Appendix SI:
Table S8), in which survival varied by age, sex, colony, and
forearm length, and recapture probability varied by year
and sex (Appendix S1: Table S7). In support of our hypoth-
esis (Table 1; Hy), forearm length positively influenced sur-
vival probability (f = 0.167, 0.076-0.257 95% CI). In other
words, the log-odds of surviving increased by 0.167 for
each 1 mm increase in forearm length. In considering the
full range of observed forearm lengths (33.9 and 42.3), a
bat at the higher length was 2.05 times more likely to sur-
vive. We found no evidence that precipitation influenced
annual apparent survival.

DISCUSSION

Little brown myotis bats in the boreal forest of northwest-
ern Canada appear to be getting smaller, which is consis-
tent with experiencing nutritional stress, reflecting
reduced prey abundance, reduced foraging opportunities,
or a combination thereof. Declining bat body size in our
data set is associated with increased precipitation and
reduced survival probability, and parallels trends
detected in insectivorous birds that may be linked to cli-
mate change (Gardner et al., 2009; Weeks et al., 2020).
We consider two likely mechanisms to explain our
results, which could operate independently or cumula-
tively (1) declining prey (arthropod) abundance) and
(2) limited foraging opportunities due to increasing fre-
quency and amount of precipitation. We could not test
the first mechanism directly as there are no robust data
on insect abundance in our study area. Abundance of fly-
ing insects has declined precipitously in some places
(Conrad et al., 2006; Hallmann et al.,, 2017; Lister &
Garcia, 2018; Shortall et al., 2009), but evidence for global
declines in insect abundance remains equivocal and
trends in abundance vary widely among regions and taxa
(Didham et al., 2020; Wagner et al., 2021). We were able
to test the effects of changing weather, and we observed
effects of precipitation and temperature on bat body
mass. Declining prey abundance and altered foraging
opportunities with shifting weather regimes and global
climate change are not mutually exclusive mechanisms,
and could interact cumulatively to aggravate nutritional
stress.

Little brown myotis are long lived relative to their
body size (>20 years; Davis & Hitchcock, 1995; Florko
et al., 2017). Therefore, we had expected that even if fore-
arm length of juveniles decreased over time, high survival
of older adults from one year to the next might mask any
signal of reduced forearm length in smaller individuals
recruited to the breeding population each year. Despite
their longevity, average forearm length at maturity of lit-
tle brown myotis females in our data set decreased signif-
icantly over 15 years, and we observed a steeper decrease
in juvenile forearm length.

Evidence for increasing nutritional stress in some
avian aerial insectivores is growing (Cox et al., 2019;
Rioux Paquette et al., 2014; Spiller & Dettmers, 2019), but
most birds’ ability to provision their young relies heavily
on prey availability. Our data allowed us to test whether
lactation in mammalian aerial insectivores provides a
mechanism to mitigate the immediate effects of reduced
prey availability (reduced prey abundance and/or limited
foraging opportunities) on their offspring. The mean
mass of recently volant juveniles in our data set increased
slightly over the study period, indicating that lactating lit-
tle brown myotis were apparently able to better protect
juveniles from the nutritional stress they were experienc-
ing relative to birds. Reproductive females may be allo-
cating additional resources to lactation to protect nursing
pups during periods of reduced prey availability, but this
hypothesis was not supported by the decreasing trend in
juvenile forearm length. Alternately, parturition dates
may be slightly earlier each year as temperatures in the
study area increase. This shift would result in slightly
older (i.e., heavier) pups being measured in similarly
timed surveys each year, but we cannot directly test this
with the available data. Regardless, the protective effect
of lactation did not carry over after weaning, as juvenile
mass decreased on average over the study period for juve-
niles that were weaned and foraging independently.

The observed magnitude of declines in long-bone
length in our study is small, as are the estimated effects of
the variables we considered, but forearm length in little
brown myotis is not highly variable and is likely to have
limited plasticity. There are undoubtedly constraints on
how much nutritional stress a developing pup can survive
(i.e., how much of an effect nutritional stress could have
on long-bone length before survival is affected). Our data
set represents only the forearm length and mass of juve-
niles that had survived to volancy, and the magnitude of
the observed effects on this population may be greater
than our data indicate. The observed decline in body mass
may also appear small. However, the magnitude of decline
in fully weaned juveniles is non-trivial: the estimated,
cumulative decline of 0.48 g over the 15-year study period
represented 5%-6% of the body mass of even the heaviest
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juveniles in the data set (e.g., individuals >8 g). The associ-
ation between bat size and survival probability also sug-
gests that decreasing body size has fitness implications.

We detected opposite effects of more frequent precipi-
tation and increased mean-centered minimum tempera-
ture on bat mass. The negative effect of precipitation on
bat mass is consistent with our hypothesis of reduced for-
aging opportunities. Decreased body mass was also
reported in little brown myotis during a particularly rainy
year on Haida Gwaii (Burles et al., 2009), and poor body
condition in the congeneric greater mouse-eared bat
(M. myotis) was associated with particularly wet conditions
in Germany and Poland (Zahn et al., 2007). Little brown
myotis are aerial-hawking predators, but can also target
non-aerial arthropods (Shively et al., 2018), providing
some flexibility during periods of increased precipitation.
Nevertheless, the foraging success of little brown myotis is
more strongly affected by heavy rain than that of conspe-
cifics such as long-eared bats (M. evotis) that are special-
ized gleaners (Burles et al., 2009). Annual precipitation
in Yukon has increased by 6% over a 50-year period
(1948-2015) and is projected to increase by 10%—20% over
the next 50 years (Streicker, 2016). Therefore, whereas
increased drought frequency may pose a threat to little
brown myotis elsewhere in their range (Frick et al., 2009),
increased precipitation may be a greater concern in north-
western Canada and Alaska. Temperatures in the region
are also increasing, which might have a positive effect on
abundance or activity of some insect prey. Bats that had
recently experienced particularly warm periods were
heavier on average than bats captured after cooler than
average periods. However, the general decrease in body
size across the study period as temperature increased does
not imply a long-term benefit from warmer conditions.

We recognize that yearly declines in average mass of
adult females could reflect a reduced frequency of reproduc-
tion over the study period. We are unable to directly test this
hypothesis with the available data, but increased precipita-
tion was associated with delayed parturition and a reduced
proportion of reproductive females in colonies of little
brown myotis and Yuma bats (M. yumanensis) in British
Columbia (Grindal et al., 1992). Delayed parturition in par-
ticularly wet or dry conditions is likely to be a response to
reduced prey availability (Sherwin et al., 2013), and later
parturition dates are typically associated with reduced pup
survival (Barclay, 2012; Frick et al, 2009; Sherwin
et al., 2013). If lower reproductive rates are partly responsi-
ble for the yearly reduction in mean mass, this would repre-
sent a potential impact of ongoing climate change on the
fitness of high-latitude populations of little brown myotis.
The unexplained variance in our data set may also reflect
other environmental factors that we could not quantify.
For example, in the boreal forest, fires have become more

frequent and severe (de Groot et al., 2013; Stephens
et al, 2014), and the consequences to bats are largely
unknown (Jung, 2020). However, both the fires themselves
and smoke arriving from nearby or distant fires could
impact insect availability and foraging conditions for aerial-
hawking bats.

Measuring long-bone length of small, live animals
in the field is subject to several sources of measure-
ment error. These include small movements by the ani-
mal, variation among observers (i.e., calipers may be
held slightly differently by different observers despite
training to standardize methods), and variation in mea-
surements by the same observer (i.e., slightly different
caliper placement among measurements; e.g., Peers
et al.,, 2021). However, these types of measurement
error are typically distributed evenly throughout large
data sets and are more likely to obscure patterns than
create them (Lank et al., 2017). It is unlikely that mea-
surement error could cause the observed trends in our
large data set.

The trends we observed are comparable with body
size declines reported previously for a range of avian
aerial insectivores that were associated with climate
change (Weeks et al., 2020), as are the magnitudes of the
effects. Body mass in a population of mountain wagtail
(Motacilla clara) decreased by 0.035 g/year on average
over 23 years (~ 4% decline in body mass over the study
period; Prokosch et al., 2019). Similar reductions in body
mass and wing length were observed in a group of British
passerines (Yom-Tov et al., 2006), and body mass and
wing chord decreased significantly in a group of spring
migrants over 46 years (van Buskirk et al., 2010). Average
wing length in a yellowhammer (Emberiza citrinella)
population declined by ~2.12% over 21 years, with a
steeper decline in body size of juveniles than in the adult
population (Dunn et al., 2017) that mirrored the steeper
decline in forearm length and body mass we observed
for post-weaning juvenile bats. Notably, these studies
reported very small statistical effect sizes similar to those
reported here, which may also reflect constraints on plas-
ticity in body size of small vertebrates.

The bat colonies we studied have not yet been
impacted by bat white-nose syndrome (WNS), but the
fungus that causes WNS is getting closer (https://www.
whitenosesyndrome.org/spreadmap). In impacted
populations of little brown myotis, individuals that
have survived hibernation in some WNS-affected caves
and mines have a higher percent body fat and higher
body mass, on average, than bats sampled before the first
mass mortalities (Cheng et al., 2018), suggesting selection
by WNS for higher body condition. Bats that may already
be struggling to find sufficient nutrition may be less likely
to survive the arrival of WNS, although this requires
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investigation. Applying our analyses to a larger range of
locations (where time series data are available) will allow
us to explore geographic variation in the observed trends,
and consider other factors such as latitude, length of the
active season, and the potential interactive effects of WNS
on body size.

Ongoing nutritional stress on bats and a concomitant
decrease in body size and mass has conservation implica-
tions for endangered little brown myotis. Declining
populations of bats and other aerial insectivores could
have substantial effects on trophic webs. Aerial insecti-
vores are top predators in the aerosphere. Decline or
extirpation of these species could trigger trophic cascades
in the aerial trophic web (Kelly et al., 2013), given that
aerial insectivores consume millions of tons of insects per
year (Boyles et al., 2011; Nyffeler et al., 2018). Although
the exact ecological effects of aerial insectivore declines
are difficult to predict, they are just as important to
understand as the declines in aerial insects themselves.
More broadly, the cumulative effects of multiple stressors
(e.g., disease, nutritional stress, climate change, and
other pressures) on bats suggest that each require urgent
research attention.
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