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Local trends in abundance of migratory bats across 20 years
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Hoary bats (Lasiurus cinereus) and silver-haired bats (Lasionycteris noctivagans) are species of conservation
concern because of the documented annual mortality that occurs at wind energy facilities. Several recent studies
have predicted continental-scale declines of hoary bat populations due to interactions with wind turbines. We
predicted a decrease in captures at a summer site over 20 years where researchers have captured bats using
generally consistent methods. We developed a hierarchical Bayesian model to estimate the relative change in
the expected number of captures while controlling for time of year, temperature, and netting effort. We found no
decrease in the number of captures for either species. We suggest that the lack of decrease observed at our study
site may be a result of compensatory immigration, despite potential broader-scale population declines.
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Wind energy is a fast-growing, renewable energy resource
having indirect positive effects on the environment (Leung and
Yang 2012). While the benefits of wind energy are evident,
wind turbines also can negatively affect wildlife (Arnett et al.
2008; Saidur et al. 2011). Bats and other volant wildlife are
being killed by wind turbines (Arnett et al. 2008; Baerwald
et al. 2008; Arnett and Baerwald 2013) potentially leading to
population declines. While regional differences exist, most
bat fatalities at wind energy facilities in the United States and
Canada are comprised of three species: hoary bats (Lasiurus
cinereus), eastern red bats (Lasiurus borealis), and silver-
haired bats (Lasionycteris noctivagans) (Arnett and Baerwald
2013; Davy et al. 2020).

The most recent continental-scale estimates of fatality rates
suggested that, as of 2012, there were more than 400,000 bats
killed annually at wind energy facilities in North America
(Arnett and Baerwald 2013; Hayes 2013). Since then, the
number of wind energy facilities continue to increase,

heightening concerns about the conservation of migratory bat
populations (Winhold et al. 2008; Arnett and Baerwald 2013;
Frick et al. 2017b). From 2000 to 2020, wind energy produc-
tion has grown substantially, increasing from a capacity of 114
MW in 2000 to 13,413 MW in 2019 (CanWEA 2019) and in the
United States from 2,502 MW in 2000 to 107,443 MW in 2019
(AWEA 2019). Alberta is the third largest wind energy pro-
ducer in Canada and Saskatchewan is anticipating an increase
in production of 377 MW by 2021, more than doubling the cur-
rent output in the province (CanWEA 2019). As wind energy
facilities become more abundant in North America, popula-
tions of migratory bats, especially hoary bats, could experience
declines and potentially even extinction (Frick et al. 2017b).
Estimating population size is challenging, particularly for mi-
gratory species that travel long distances during their annual
cycle, are found across large geographic scales (Cryan 2003),
and roost solitarily or in small colonies (O’Shea 1976; Willis
and Brigham 2005; Kunz et al. 2007; Bohn 2017). In addition,
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population trends can vary depending on geographic scale and
environmental conditions, so considering entire populations or
individual abundance at local scales may yield different trends
(Royle et al. 2007; Thogmartin and Knutson 2007).

For the past 20 years, research on multiple bat species
has occurred in Cypress Hills Interprovincial Park (hereafter
Cypress Hills) in Canada, including work on two migratory
species: hoary bats (e.g., Willis and Brigham 2005; Willis et al.
2006; McGuire et al. 2013) and silver-haired bats (e.g., Fraser
2011; Bohn 2017). Straddling the provincial border in south-
western Saskatchewan and southeastern Alberta, Cypress Hills
rises 430 m above the surrounding prairie landscape (Kulig
1996). Beginning in the spring, hoary and silver-haired bats
migrate to Cypress Hills and arrive in mid-June to give birth
and raise their young (Willis and Brigham 2005; Willis et al.
2006; Fraser 2011; Bohn 2017). In addition, large numbers of
hoary and silver-haired bats migrate through the prairie prov-
inces each year (Baerwald et al. 2014) and therefore many
migratory bats likely pass through Cypress Hills en route to
other breeding grounds further north. Given recent analyses
predicting continental-scale and regional declines of hoary bats
(Frick et al. 2017b; Rodhouse et al. 2019; Davy et al. 2020),
we aimed to use long-term data from the Cypress Hills to de-
termine if patterns of abundance for migratory bats at this
localized study site mirror the predictions for larger spatial
scales. Patterns of abundance at Cypress Hills could reflect the
general, continental- and regional-scale declines that have been
reported (Frick et al. 2017b; Rodhouse et al. 2019) or, alterna-
tively, could reflect smaller regional-scale processes affecting
local abundance.

We collated capture data from various studies across
20 years (2000-2019) on migratory bats in Cypress Hills
to assess temporal trends in abundance. We tested the hy-
pothesis that long-term, local-scale abundance data collected
from Cypress Hills would reflect the continental-scale pop-
ulation declines that have been suggested for migratory bats
and predicted a decrease in migratory bat captures over the
study period.

MATERIALS AND METHODS

We compiled available summer capture data on silver-haired
and hoary bats from Cypress Hills (Fig. 1). Our final data set
included captures from June to August of 2000 — 2002; July
to August in 2008; July 2009; and June to August in 2015,
2016, 2018, and 2019. All data were based on mist-net cap-
tures along a 10- to 15-km segment of Battle Creek in the
West Block of Cypress Hills in southwestern Saskatchewan
(49°34'N, 109°53'W). Battle Creek is the main water body
bisecting the park and acts as a flyway and water resource
for these bats. The Cypress Hills is unique in the prairie eco-
system of Saskatchewan because of historical geological pro-
cesses that left the area as an uplifted glacial refugium. We
collected weather data recorded by the nearest Environment
Canada weather station in Cypress Hills (49°38'N, 109°30'W;
climate.weather.gc.ca), approximately 17 km from our capture
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area along the Battle Creek. The vegetation of the park is 50%
grassland, 45% woodland, and 5% wetland (Sauchyn 1993).
The wooded areas are a mix of coniferous and deciduous trees;
predominantly lodgepole pine (Pinus contorta), white spruce
(Picea glauca), and trembling aspen (Populus tremuloides—
Widenmaier and Strong 2010).

The number of hoary and silver-haired bats captured each
night (n = 171 nights) were recorded during the years when
netting was undertaken (9 of the 20 years). Precision in the es-
timates of netting effort, defined as the number of net-hours
per night (i.e., number of nets multiplied by the number of
hours) varied by year, with known values in some years and
relatively coarse estimates in other years. For example, in
2000 — 2002, before wind energy effects and possible de-
creases of migratory bats were widely appreciated, bats were
captured for radiotelemetry studies of habitat selection and
torpor expression (L. cinereus; e.g., Willis and Brigham 2005,
2006) rather than for estimates of abundance trends. Similarly,
in 2018 the documentation of the numbers of nets and hours
netted was not relevant to the study and therefore, these data
were not precisely recorded. Thus, for 2000 — 2002 and 2018,
overall net-hours were estimated based on a range of values.
The researchers for those years estimated the minimum and
maximum number of nets and number of hours nets were open
per night, from which we derived a distribution of estimates for
capture effort. Our netting effort variable was calculated as the
log-product of the hours and number of nets. In the majority
of years there were no records of the type of net (i.e., mono-
filament or 2-ply), the length of nets, or net height. Therefore,
these were not considered in our calculation of netting effort.

We developed a hierarchical Bayesian model to estimate the
relative change in the expected number of captures for each
bat species between 2000 and 2019 while controlling for time
of year, temperature, and our estimate of netting effort. The
number of captures on a given night was modeled by a nega-
tive binomial distribution whose expected value was related to
a linear combination of predictor variables through a log-link
function. Our predictor variables included Julian date, year,
minimum temperature, and log-effort. The effect of year in-
cluded both a linear trend and a random intercept that accounted
for year-to-year differences in captures around the linear trend.
Log-effort was modeled as a latent variable whose true value
was uncertain in years when nightly effort was not recorded.
For those years, log-effort was modeled as a normal random
variable whose distribution approximated the estimated range
of net-hours on a natural log scale (3.11 + 0.26 for 2000-2002;
1.39 + 0.36 for 2018).

We fit our statistical model using the “brms” (version 2.12.0)
library for the R programming language (version 3.6.2). The
posterior distribution of model parameters was estimated using
Markov chain Monte Carlo (MCMC) sampling with four chains
of 8,000 iterations, the first 4,000 of which were discarded
during a warm-up period. All parameters were checked for con-
vergence and suitable effective sample size. To investigate the
potential of subadult captures inflating capture rates, we ran an
additional model excluding data from captures after 22nd July
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Fig. 1.—Bottom map depicts the geographic location of Cypress Hills, highlighting the isolation of this forested area in the prairies of North America
and the dramatic difference of vegetative cover of Cypress Hills compared to the surrounding prairie landscape. Cypress Hills supports a compara-
tively small breeding population, and likely serves as a stopover site for bats migrating to breeding areas in the boreal forest. Larger, top inset map
represents an approximately 10 km? section of Cypress Hills where research has occurred since 2000 (Inset map of points; earth.google.com/web/).
The white line follows the section of Battle Creek where mist netting has occurred from 2000 — 2019 and the points represent netting locations from
2018 and 2019.
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(approximately when subadults become volant—Kunz 1982;
Shump and Shump 1982).

RESULTS

Overall, 289 migratory bats were captured during 171 nights
with netting effort that ranged from 1 to 8 nets deployed for
1.0-7.5 h per night. Based on our models, there was no clear
evidence of a positive or negative change in capture rate over
time for hoary bats (year effect = 0.01 + 0.03; 95% confidence
interval [CI] = —0.05 — 0.07). Captures of silver-haired bats,
however, appeared to increase over time (year effect = 0.09 +
0.04; 95% CI = 0.00 — 0.17). Nightly minimum temperature
had a net positive effect on captures of both species (hoary:
0.09 = 0.04; 95% CI = 0.01 — 0.16; and silver-haired: 0.09 +
0.04; 95% CI =0.01 — 0.17), as did day of year (hoary: 0.02 +
0.01;95% CI=0.01 —0.04; and silver-haired: 0.03 £ 0.01; 95%
CI=0.02-0.05).

Based on our results, there is a low probability that local
numbers of hoary bats have declined meaningfully. We esti-
mate there is an 18% probability that numbers have declined
by more than 30% over a 20-year period and a 7% proba-
bility they have declined by more than 50%. Our results are
more suggestive of either a small change in local numbers
(40% probability they have changed by <30%) or an increase
of at least 30% (41% probability). Our results are even more
striking for silver-haired bats, for which we estimate there is
a 1% probability that local numbers have declined by at least
30% and a 96% probability that they have increased by at
least 30% over a 20-year period. Excluding the potential for
subadults in the analysis increased the uncertainty in model
estimates but did not fundamentally change the patterns we
observed.

Di1SCUSSION

Our prediction that we would detect a decrease in migratory
bat abundance in Cypress Hills was not supported. In con-
trast, we found no evidence of a decrease in captures of hoary
or silver-haired bats across the 20-year range of our data set.
Rather, we report a high probability that there was no change
in local abundance of hoary bats in the Cypress Hills across
our study period, and that silver-haired bat captures appear to
have increased at this site. However, a range of studies on North
American migratory bats suggest that overall population sizes
have significantly decreased over the past several decades, es-
pecially for hoary bats (Winhold et al. 2008; Frick et al. 2017b;
Rodhouse et al. 2019; Davy et al. 2020). The summer resident
bats in Cypress Hills represent a tiny subset of the continental
population and our data represent a small geographic scale rel-
ative to other studies (Frick et al. 2017a; Rodhouse et al. 2019;
Davy et al. 2020). Moreover, determining overall population
size and abundances for migratory bats is difficult, and even
rough estimates do not exist (Lentini et al. 2015). We therefore
suggest alternative explanations that may explain our results.
Potential explanations include changes in climate, the quality
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of forest habitat for migratory bats throughout the study period
at Cypress Hills, and compensatory immigration.

Changing climate has influenced populations and local abun-
dance of many wildlife species and the habitats they occupy.
A variety of taxa, including fishes (Perry et al. 2005), birds
(Gillings et al. 2015), and mammals (MacLeod et al. 2005;
MacLeod 2009), are experiencing range shifts suspected to
have been induced by changes to climate. Often, the shifts in
range and abundance are latitudinal (Chen et al. 2011). While it
has been established that hoary and silver-haired bats give birth
and rear their young in northern latitudes (Kunz 1982; Shump
and Shump 1982), their seasonal movements are not well un-
derstood and it is possible that more individuals that normally
would have roosted further south are now migrating further
north. In addition, climate change can influence forest com-
munities (Vose et al. 2012; Grimm et al. 2013), thereby chan-
ging available habitat to bats. Cypress Hills has experienced
an increase in forest cover over the last 50 years (Widenmaier
and Strong 2010), potentially increasing the roosting habitat
available for migratory bats. Both climate change and changes
in habitat therefore could have favored compensatory immigra-
tion to the Cypress Hills and masked the signal of large-scale
population declines in our local-scale capture data.

Along with changes to range and habitat, climate change
also may influence local abundances, similar to fishes (Last
et al. 2011) and birds (Maclean et al. 2008). For example, as
high-quality habitat becomes available for some migratory
and nonmigratory birds (through death or emigration of ter-
ritorial individuals), new individuals fill the vacancy (Krebs
1971; Betts et al. 2008), complicating extrapolation of local
abundance trends to changes in the whole population. This
phenomenon is known as compensatory immigration (Pulliam
1988; Turgeon and Kramer 2012). Studies of local abundance
can provide indices of overall population trends, although such
inferences may be complicated because local studies only
capture variation for a small subset of the overall population
(Thogmartin and Knutson 2007; Rushing et al. 2016). Local
population (i.e., small spatial scale) dynamics often are the re-
sult of movement decisions by individuals within that smaller
population. In Cypress Hills, if historically “resident” migra-
tory bats experience mortality (e.g., at wind turbines) before
returning the following summer, the newly vacant habitat could
be occupied by new individuals. In subsequent seasons, indi-
viduals that might otherwise have continued migrating to more
northern breeding areas remain and occupy the newly vacant
habitat. Occupation by new individuals would give the impres-
sion of a locally stable population.

Given that reproductive female hoary and silver-haired bats
use Cypress Hills, it is possible that overall population de-
creases due to wind turbines lead to higher turnover and thus
more available maternity roosting habitat in high-quality sites.
By remaining in Cypress Hills, transient bats could reduce
energy expenditure by minimizing migration distance while
taking advantage of newly available foraging and roosting
areas, as well as reducing risks associated with prolonged mi-
gration (Alerstam and Lindstrom 1990; Hedenstrom 2009).
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Considering there is mounting evidence that migratory bat
populations are decreasing (Rodhouse et al. 2019; Davy et al.
2020), it is important to protect locations such as the Cypress
Hills to help conserve migratory bat species where local abun-
dance appears to be stable.

Although our data have limitations (e.g., netting effort,
age, and sex of individuals missing from data sets), they pro-
vide an opportunity to assess the long-term trend for a local
subset of two migratory bat populations (O’Shea et al. 2003;
Ingersoll et al. 2013). However, our results must be inter-
preted cautiously and likely do not reflect population trends
for hoary bats and silver-haired bats across North America.
Long-term, range-wide data are critical for revealing trends
and predicting potential decreases. Hoary bats are predicted
to decrease further as new wind energy facilities are con-
structed (Frick et al. 2017b) and silver-haired bats are experi-
encing local abundance declines (Davy et al. 2020). Similar
effects also seem likely for other migratory bats including
eastern red bats, due to similar ecology and life history
(Arnett et al. 2008; Arnett and Baerwald 2013; Davy et al.
2020). Online resources can allow access to data that include
aggregated content for large-scale analyses (Costello et al.
2013; Hardisty and Roberts 2013), rather than at the small
scale we considered. If bat populations continue to decrease
due to wind energy (Frick et al. 2017b; Rodhouse et al. 2019),
white-nose syndrome (Frick et al. 2017a), and other poten-
tial causes, online databases (i.e., Bat Acoustic Monitoring
Project, North American Bat Monitoring Program) should be
considered as a resource to collate large data sets that cover
large geographic areas. As online databases become more
comprehensive, long-term and large-scale data analyses will
be more robust and can aid in detecting trends across many
contexts.

ACKNOWLEDGMENTS

The work accomplished herein was all conducted on Treaty 4
lands with a presence in Treaty 6. These are the territories of the
Néhiyawak, Anih§inap€k, Dakota, Lakota, and Nakoda, and the
homeland of the Métis/Michif Nation. We thank Jody Wynen,
Carter Casmaer, and Lynn Wynen-Chamberlain, for their con-
tinuous support during the production of this paper. We also
thank Adam Sprott for assistance in providing mapping in-
formation for Cypress Hills. There was no outside funding di-
rectly for this study but we thank NSERC (Natural Sciences
and Engineering Research Council (Canada)) and the Canadian
Queen Elizabeth II Diamond Jubilee Scholarship program for
support of the studies that ultimately contributed to this work.
The authors declare that they have no conflicts of interest.

LITERATURE CITED

ALERSTAM, T., AND A. LINDSTROM. 1990. Optimal bird migration:
the relative importance of time, energy, and safety. Pp. 331-351 in
Bird migration; physiology and ecophysiology (E. Gwinner, ed.).
Springer. Berlin, Germany.

ARNETT, E. B., ET AL. 2008. Patterns of bat fatalities at wind en-
ergy facilities in North America. Journal of Wildlife Management
72:61-78.

ARNETT, E. B., AND E. F. BAERWALD. 2013. Impacts of wind energy
development on bats: implications for conservation. Pp. 435-456
in Bat ecology, evolution, and conservation (R. A. Adams and
S. C. Pedersen, eds.). Springer International Publishing. New York.

AWEA [AMERICAN WIND ENERGY ASSOCIATION]. 2019. Publications
and reports.  https://www.awea.org/getattachment/Resources/
Publications-and-Reports/Market-Reports/2020-U-S-Wind-
Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_
PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.
aspx?lang=en-US. Accessed 7 July 2020.

BAERWALD, E. F., G. H. D’AMOURS, B. J. KLUG, AND R. M. BARCLAY.
2008. Barotrauma is a significant cause of bat fatalities at wind tur-
bines. Current Biology 18:R695-R696.

BAERWALD, E. F., W. P. PATTERSON, AND R. M. R. BARcLAY. 2014.
Origins and migratory patterns of bats killed by wind turbines in
southern Alberta: evidence from stable isotopes. Ecosphere 5:1-17.

BETTS, M. G., N. L. RODENHOUSE, T. SCOTT SILLETT, P. J. DORAN,
AND R. T. HoLMES. 2008. Dynamic occupancy models reveal
within-breeding season movement up a habitat quality gradient by
a migratory songbird. Ecography 31:592-600.

Bonn, S. J. 2017. Tall timber: roost tree selection of reproductive
female silver-haired bats (Lasionycteris noctivagans). M.S. thesis,
University of Regina. Regina, Saskatchewan, Canada.

CANWEA [CANADIAN WIND ENERGY ASSOCIATION]. 2019. Installed
capacity. https://canwea.ca/wind-energy/installed-capacity/.
Accessed 7 July 2020.

CHeNn, I C., J. K. HiLL, R. OHLEMULLER, D. B. Roy, AND
C. D. THOMAS. 2011. Rapid range shifts of species associated with
high levels of climate warming. Science 333:1024-1026.

CoSTELLO, M. J., ET AL. 2013. Strategies for the sustainability of on-
line open-access biodiversity databases. Biological Conservation
173:155-165.

CrYAN, P. M. 2003. Seasonal distribution of migratory tree bats
(Lasiurus and Lasionycteris) in North America. Journal of
Mammalogy 84:579-593.

Davy, C. M., K. SQUIRES, AND J. R. ZIMMERLING. 2020. Estimation
of spatiotemporal trends in bat abundance from mortality data
collected at wind turbines. Conservation Biology. doi:10.1111/
cobi.13554.

FRASER, E. E. 2011. Stable isotope analyses of bat fur: applications
for investigating North American bat migration. Ph.D. dissertation,
University of Western Ontario. London, Ontario, Canada.

Frick, W. E.,, ET AL. 2017a. Pathogen dynamics during invasion and
establishment of white-nose syndrome explain mechanisms of host
persistence. Ecology 98:624-631.

Frick, W. E,, ET AL. 2017b. Fatalities at wind turbines may threaten
population viability of a migratory bat. Biological Conservation
209:172-177.

GILLINGS, S., D. E. BALMER, AND R. J. FULLER. 2015. Directionality
of recent bird distribution shifts and climate change in Great
Britain. Global Change Biology 21:2155-2168.

GrimM, N. B., ET AL. 2013. The impacts of climate change on ec-
osystem structure and function. Frontiers in Ecology and the
Environment 11:474-482.

HARDISTY, A., AND D. ROBERTS. 2013. A decadal view of biodiversity
informatics: challenges and priorities. BMC Ecology 13:16.

Haves, M. A. 2013. Bats killed in large numbers at United States
wind energy facilities. BioScience 63:975-979.

1202 JeqwadeQ L uo Jasn Aleiqi [ea1uyos | INNd Ad 6015909/27S1/9/10L/301He/[ewwew /wod dno olwapede//:sdiy woly papeojumoq


https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://canwea.ca/wind-energy/installed-capacity/
https://doi.org/10.1111/cobi.13554
https://doi.org/10.1111/cobi.13554

SPECIAL FEATURE—LOCAL, MIGRATORY BAT ABUNDANCE TRENDS ACROSS 20 YEARS

HEDENSTROM, A. 2009. Optimal migration strategies in bats. Journal
of Mammalogy 90:1298-1309.

INGERSOLL, T. E., B. J. SEwALL, AND S. K. AMELON. 2013. Improved
analysis of long-term monitoring data demonstrates marked re-
gional declines of bat populations in the eastern United States.
PLoS ONE 8:e65907.

KRrEBs, J. R. 1971. Territory and breeding density in the Great Tit,
Parus major L. Ecology 52:2-22.

KuLig, J. J. 1996. The glaciation of the Cypress Hills of Alberta
and Saskatchewan and its regional implications. Quaternary
International 32:53-77.

Kunz, T. H. 1982. Lasionycteris noctivagans. Mammalian Species
172:1-5.

Kunz, T. H., ET AL. 2007. Assessing impacts of wind-energy devel-
opment on nocturnally active birds and bats: a guidance document.
Journal of Wildlife Management 71:2449-2486.

Last, P.R., ET AL. 2011. Long-term shifts in abundance and distri-
bution of a temperate fish fauna: a response to climate change and
fishing practices. Global Ecology and Biogeography 20:58-72.

LeNnTINI, P. E., T. J. BIrD, S. R. GrIFFITHS, L. N. GODINHO, AND
B. A. WINTLE. 2015. A global synthesis of survival estimates for
microbats. Biology Letters 11:1-5.

LEUNG, D. Y. C., AND Y. YANG. 2012. Wind energy development and
its environmental impact: a review. Renewable and Sustainable
Energy Reviews 16:1031-1039.

MaAcLEAN, 1. M. D., ET AL. 2008. Climate change causes rapid
changes in the distribution and site abundance of birds in winter.
Global Change Biology 14:2489-2500.

MacLEop, C. D. 2009. Global climate change, range changes and po-
tential implications for the conservation of marine cetaceans: a re-
view and synthesis. Endangered Species Research 7:125-136.

MacLEeop, C. D., ET AL. 2005. Climate change and the cetacean
community of north-west Scotland. Biological Conservation
124:477-483.

MCcGUIRE, L. P.,M. B. FENTON, AND C. G. GUGLIELMO. 2013. Seasonal
upregulation of catabolic enzymes and fatty acid transporters in
the flight muscle of migrating hoary bats, Lasiurus cinereus.
Comparative Biochemistry and Physiology, B. Biochemistry &
Molecular Biology 165:138—143.

O’SHEA, T. J. 1976. Fat content in migratory central Arizona
Brazilian free-tailed bats, Tadarida brasiliensis (Molossidae). The
Southwestern Naturalist 21:321-326.

O’SHEA, T. J., M. A. BoGaN, AND L. E. ELLISON. 2003. Monitoring
trends in bat populations of the United States and Territories:
status of the science and recommendations for the future. Wildlife
Society Bulletin 31:16-29.

PERRY, A. L., P. J. Low, J. R. ELLIS, AND J. D. REYNOLDS. 2005.
Climate change and distribution shifts in marine fishes. Science
308:1912-1915.

PuLLiaMm, H. R. 1988. Sources, sinks, and population regulation. The
American Naturalist 132:652-661.

1547

RopHOUSE, T. J., R. M. RoDRIGUEZ, K. M. BANNER, P. C. ORMSBEE,
J. BARNETT, AND K. M. IRVINE. 2019. Evidence of region-wide
bat population decline from long-term monitoring and Bayesian
occupancy models with empirically informed priors. Ecology and
Evolution 9:11078-11088.

RoYLE, J. A., M. KEry, R. GAUTIER, AND H. ScuwmID. 2007.
Hierarchical spatial models of abundance and occurrence from
imperfect survey data. Ecological Monographs 77:465-481.

RusHING, C. S., T. B. RYDER, AND P. P. MARRA. 2016. Quantifying
drivers of population dynamics for a migratory bird throughout
the annual cycle. Proceedings of the Royal Society of London,
B. Biological Sciences 283:20152846.

SAIDUR, R., N. A. RanimM, M. R. IsLaM, AND K. H. SoLANGI. 2011.
Environmental impact of wind energy. Renewable and Sustainable
Energy Reviews 15:2423-2430.

SAucHYN, D. J. 1993. Quaternary and late Tertiary landscape evo-
lution in the western Cypress Hills. Pp. 4658 in Quaternary and
late tertiary landscapes of southwestern Saskatchewan and adja-
cent areas (D. J. Sauchyn, ed.). Canadian Plains Research Centre.
Regina, Saskatchewan, Canada.

Suump, K. A., AND A. U. SHUMP.
Mammalian Species 185:1-5.

THOGMARTIN, W. E., aAND M. G. KnuTtson. 2007. Scaling local
species-habitat relations to the larger landscape with a hierarchical
spatial count model. Landscape Ecology 22:61-75.

TurGEON, K., AND D. L. KRAMER. 2012. Compensatory immigra-
tion depends on adjacent population size and habitat quality but
not on landscape connectivity. The Journal of Animal Ecology
81:1161-1170.

VosE, J. M., D. L. PETERSON, AND T. PATEL-WEYNAND. 2012. Effects
of climatic variability and change on forest ecosystems: a compre-
hensive science synthesis for the US forest sector. Forest Service
General Technical Report PNW-GTR-87. United States Forest
Service. Portland, Oregon.

WIDENMAIER, K. J., AND W. L. STRONG. 2010. Tree and forest en-
croachment into fescue grasslands on the Cypress Hills plateau,
southeast Alberta, Canada. Forest Ecology and Management
259:1870-1879.

WiLLis, C. K. R., aAND R. M. BriGHAM. 2005. Physiological and eco-
logical aspects of roost selection by reproductive female hoary bats
(Lasiurus cinereus). Journal of Mammalogy 86:85-94.

WiLLis, C. K., R. M. BRIGHAM, AND F. GEISER. 2006. Deep, prolonged
torpor by pregnant, free-ranging bats. Die Naturwissenschaften
93:80-83.

WINHOLD, L., A. KurTA, AND R. FOSTER. 2008. Long-term change
in an assemblage of North American bats: are eastern red bats de-
clining? Acta Chiropterologica 10:359-366.

1982. Lasiurus cinereus.

Submitted 3 June 2019. Accepted 9 November 2020.

Associate Editor was Roger Powell.

1202 JeqwadeQ L uo Jasn Aleiqi [ea1uyos | INNd Ad 6015909/27S1/9/10L/301He/[ewwew /wod dno olwapede//:sdiy woly papeojumoq



