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Abstract. Long-distance migration evolved independently in bats and unique migration 
behaviors are likely, but because of their cryptic lifestyles, many details remain unknown. 
North American hoary bats (Lasiurus cinereus cinereus) roost in trees year-round and 
probably migrate farther than any other bats, yet we still lack basic information about their 
migration patterns and wintering locations or strategies. This information is needed to better 
understand unprecedented fatality of hoary bats at wind turbines during autumn migration 
and to determine whether the species could be susceptible to an emerging disease affecting 
hibernating bats. Our aim was to infer probable seasonal movements of individual hoary bats 
to better understand their migration and seasonal distribution in North America. We analyzed 
the stable isotope values of non-exchangeable hydrogen in the keratin of bat hair and 
combined isotopic results with prior distributional information to derive relative probability 
density surfaces for the geographic origins of individuals. We then mapped probable directions 
and distances of seasonal movement. Results indicate that hoary bats summer across broad 
areas. In addition to assumed latitudinal migration, we uncovered evidence of longitudinal 
movement by hoary bats from inland summering grounds to coastal regions during autumn 
and winter. Coastal regions with nonfreezing temperatures may be important wintering areas 
for hoary bats. Hoary bats migrating through any particular area, such as a wind turbine 
facility in autumn, are likely to have originated from a broad expanse of summering grounds 
from which they have traveled in no recognizable order. Better characterizing migration 
patterns and wintering behaviors of hoary bats sheds light on the evolution of migration and 
provides context for conserving these migrants. 
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INTRODUCTION 

Long-distance migration (.1000 km each way) 
evolved in several genera of Holarctic insectivorous bats 
(Fleming and Eby 2003, Bisson et al. 2009). With few 
exceptions, the insectivorous bats that migrate farther 
than any others are those species in the family 
Vespertilionidae inhabiting the temperate zones that 
specialize in using trees as roosts throughout the year 
and are thus often referred to as ‘‘tree bats’’ (Strelkov 
1969, Griffin 1970, Fleming and Eby 2003). Unlike 
migratory birds that must feed throughout the winter to 
survive, all species of migratory tree bats are hetero
thermic endotherms capable of extended periods of 
deep, facultative, energy-saving torpor in response to 
unfavorable conditions, such as low air temperatures 
and lack of insect prey (Barbour and Davis 1969, 
Genoud 1993, McGuire and Guglielmo 2009); several 
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species of tree bats are known or suspected to hibernate 
after migrating to their wintering grounds (Davis 1970a, 
Baker 1978, Mormann and Robbins 2007, Dietz et al. 
2009, Perry et al. 2010). Additional distinctive natural 
history characteristics of most temperate-zone bats, such 
as ubiquitous autumn/winter mating and disparate 
distributions and behaviors of the sexes during spring 
through early summer (Racey 1982, Senior et al. 2005, 
Weller et al. 2009, van Toor et al. 2011, Angell et al. 
2013), make it likely that migration behaviors of bats 
evolved in ways that could differ dramatically from 
those of many other types of migratory animals 
(Fleming and Eby 2003). Recent studies of migratory 
tree bats have revealed intriguing evidence that they 
migrate differently than birds and perhaps other bats, 
such as feeding en route rather than strictly during 
stopovers to supplement endogenous energy stores, and 
using a torpor-assisted migration strategy (McGuire et 
al. 2011, Voigt et al. 2012b). It seems plausible that 
migration in heterothermic bats may be less biologically 
complex than in homeothermic bats and migratory birds 
that are forced by high metabolic demands to move to 
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FIG. 1. Map showing the geographic distribution of the North American hoary bat (Lasiurus cinereus cinereus). The stippled 
area shows the range map that circumscribes most known occurrences, including some that we considered extralimital records 
(http://nationalatlas.gov/mld/bat000m.html). Gray circles are locations of museum occurrence records, excluding what were 
considered extralimital records for the Northwest Territory, Canada, and Bermuda. Black circles are locations at which bats were 
sampled during the presumed molting period (20 June through 23 August) to establish the relationship between the stable hydrogen 
isotope ratios of bat hair and local precipitation. 

warm environments with consistent food supplies during 
temperate-zone winters. Because heterothermic bats 
have the option of reducing their metabolism during 
winter and forgoing feeding, selective pressures driving 
the evolution of migration in tree bats may be very 
different than for other more homeothermic migrants 
(Fleming and Eby 2003, Hedenströ m 2009). However, 
few details are known about migration in tree bats: they 
are among the most cryptic of all terrestrial vertebrates 
and observing or studying them at any time of year has 
proven extremely difficult (Griffin 1970, Cryan and 
Veilleux 2007, Holland and Wikelski 2009). 
The hoary bat, Lasiurus cinereus (Palisot de Beauvois; 

Chiroptera: Vespertilionidae; see Plate 1), is a non-
colonial species that roosts in the foliage of trees 
throughout the year (Shump and Shump 1982b). The 
North American subspecies of the hoary bat (L. c. 
cinereus) is among the most wide-ranging of mammals in 

the Americas, seasonally occurring with regularity from 
the middle latitudes of Canada through southern parts 
of Mexico (Findley and Jones 1964, Shump and Shump 
1982b, Cryan 2003; Fig. 1). A limited number of 
methods are available for studying long-distance migra

tion by bats and most are inefficient for non-colonial 
species (Cryan and Diehl 2009, Holland and Wikelski 
2009, Popa-Lisseanu and Voigt 2009). Although long-
term banding (ringing) studies in Europe have docu
mented multiple long-distance movements by species of 
migratory tree bats (Strelkov 1969, Hutterer et al. 2005, 
Steffens et al. 2007 ), such efforts were abandoned in 
North America during the 1970s due to concerns for the 
detrimental effects of marking efforts on bat popula
tions (Ellison 2008). Thus, there are only three published 
reports of individually marked hoary bats being 
recovered at distant localities (Davis 1969, 1970b, Cryan 
and Veilleux 2007 ). Because efforts to consistently 
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follow the long-distance migrations of individual hoary 
bats with active (e.g., radio transmitters) or passive (e.g., 
banding [ringing]) tags have thus far been unsuccessful, 
most of what is known about their migratory move

ments was inferred from analysis of occurrence records, 
an approach that offers no insight beyond the popula
tion level. 
Occurrence records indicate that female hoary bats in 

North America migrate mostly from southwestern 
wintering grounds about one month before males during 
spring and tend to move farther than males into Canada 
and eastern and northern regions of the United States by 
early summer (June and early July; Findley and Jones 
1964, Cryan 2003). Mountainous areas of the western 
United States and Mexico are mostly inhabited by adult 
males during early summer, although adult males also 
occur in more eastern regions (Cryan 2003, Kurta 2010). 
Occurrence records suggest that the distribution of 
males becomes more diffuse across the continent later 
in summer, perhaps due to late-season dispersal or 
coastward movements (Cryan 2003). These population-
level patterns show elements of latitudinal migration 
similar to those of some subtropical bats and marine 
mammals (e.g., pregnant females migrating earlier and 
farther than males to maternity grounds and/or dispa
rate distributions of the sexes during the maternity 
season; see Orr 1970, Baker 1978, Dingle 1996, Fleming 
and Eby 2003), as well as similarities to certain 
hibernating bats that migrate in multiple directions 
from warmer summer roosts to colder wintering sites 
(Strelkov 1969, Griffin 1970, Humphrey and Cope 1976, 
Baker 1978, Hutterer et al. 2005, Steffens et al. 2007 ). 
Less than 1% of the approximately 1100 species of 

bats on Earth are known to make long-distance 
migrations (Bisson et al. 2009); revealing the movements 
of individual bats that comprise these unique migratory 
populations may further enhance understanding of how 
migration evolves in animals. Furthermore, migratory 
tree bats are dying in unprecedented numbers after 
encountering the moving blades of industrial wind 
turbines. Hoary bats comprise ;40% of all bat fatalities 
documented at turbines in North America (Arnett et al. 
2008), with cumulative fatality estimates ranging into 
the tens of thousands of individuals per year in the 
United States and Canada (Kunz et al. 2007a, Arnett 
and Baerwald 2013). The size of the hoary bat 
population in North America is unknown (Carter et 
al. 2003). In the absence of population size or trend 
estimates against which to gauge the impacts of turbine-
induced fatality, gaining better information on the 
migration movements and seasonal whereabouts of 
individuals comprising the affected population will help 
to assess the conservation impacts of fatality at turbines 
and perhaps help to identify migration areas to avoid 
when developing wind energy. 
A glaring deficit in our understanding of hoary bats in 

North America is where they go and what they do 
during the winter. Although they possess the necessary 
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physiological adaptations for deep torpor in the cold 
and are sporadically found in situations during winter 
that indicate some individuals might hibernate (Cryan 
and Veilleux 2007 ), surprisingly little is known about 
where the bulk of the population goes during winter and 
whether most individuals remain active or hibernate. 
White-nose syndrome ( WNS) is an emerging disease 
that is catastrophically affecting several species of 
hibernating bats during winter in eastern North 
America, but thus far there is no evidence that hoary 
bats are being affected (Frick et al. 2010, Blehert 2012, 
Langwig et al. 2012). It is sometimes assumed that hoary 
bats are not susceptible to WNS because they migrate to 
warm areas and remain active during winter, but until 
their whereabouts and spectrum of thermoregulatory 
behaviors during winter are better characterized, their 
potential vulnerability to WNS will remain speculative. 
The difficulty of following highly mobile and cryptic 

bats has resulted in few published studies providing 
quantitatively rigorous estimates of geographic origins 
or probable direction and distance of migration 
movements by individuals, but recent developments in 
the use of endogenous stable isotope markers offer a 
promising path toward such ends (Cryan et al. 2004, 
Britzke et al. 2009, Fraser et al. 2012, Ossa et al. 2012, 
Popa-Lisseanu et al. 2012, Sullivan et al. 2012, Voigt et 
al. 2012a, 2013). 
In this study, our aim was to infer probable seasonal 

movements of individual hoary bats at a continental 
scale to better understand their annual migration 
patterns in North America. We analyzed stable hydro
gen isotope ratios (d2H) in the hair of individual bats 
and then derived relative probability density surfaces for 
their geographic origins that incorporated prior distri
butional information on where the species is known to 
occur when molting into new fur. Probability density 
surfaces were then used to calculate probable direction 
and distance of movements between summer molting 
regions and subsequent sampling locations. 

METHODS 

Overview 

Stable hydrogen isotope analysis is an effective way to 
infer the geographic origins of migratory individuals and 
to study migratory connectivity of animal populations 
(Hobson 1999, 2008, West et al. 2010). Previous studies 
have revealed the usefulness of stable hydrogen isotope 
analysis for inferring the pre-migration origins of bats, 
because most temperate-zone bats molt into new hair 
during summer, and because known geographic patterns 
of stable hydrogen isotope ratios in precipitation are 
reflected in newly grown hair (Quay 1970, Cryan et al. 
2004, 2012b, Britzke et al. 2009, Fraser et al. 2012, 2013, 
Ossa et al. 2012, Popa-Lisseanu et al. 2012, Sullivan et 
al. 2012, Voigt et al. 2012a). Stable hydrogen isotope 
analysis was previously used to reveal evidence of long-
distance migration by hoary bats (Cryan et al. 2004 ), but 
that study did not incorporate known sources of error 
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into quantitative estimates of summer molting areas, 
attempt to infer probable direction and distance of 
movements, or integrate information on bat distribution 
into origin estimates. 

Hair sampling and isotope analysis 

Hair samples from a total of 451 hoary bats were 
analyzed. Hair was chosen as the tissue for sampling 
because hoary bats molt into new fur during mid-to-late 
summer and stable hydrogen isotope ratios of precipi
tation (d2Hp) at the molting site become fixed in the 
newly synthesized keratin, providing an intrinsic marker 
that can be traced until the next molt cycle (Cryan et al. 
2004 ). In addition to 297 hair samples from L. cinereus 
collected throughout North America between 1894 and 
2002, of which 265 were previously reported (Cryan et 
al. 2004 ), we analyzed an additional 59 samples from 
bats captured in mist nets and released unharmed 
(capture and sampling of bats followed guidelines of 
the American Society of Mammalogists [Gannon et al. 
2007]) during a 16-day period coincident with spring 
migration in 2002 at a single site in New Mexico, as well 
as 95 additional hoary bats found dead beneath wind 
turbines during late summer and autumn at industrial 
wind turbine facilities in Colorado, New York, Minne

sota, Pennsylvania, Tennessee, and Texas, USA, be
tween 2004 and 2008. As reported by Cryan et al. (2004 ), 
samples not associated with turbines generally came 
from museum specimens or bats caught in mist nets and 
released after sampling. Similar to the capture samples, 
sampling of turbine-associated carcasses was mostly 
opportunistic: samples were collected in different years 
and sample sizes among regions differed. Analyzing 
samples collected in different years was justified because 
the relationship between stable hydrogen isotope ratios 
of hoary bat hair (d2Hh) and d2Hp of precipitation at the 
site of presumed growth was previously established 
using capture samples (n ¼ 104) collected over .100 
years (Cryan et al. 2004; Fig. 1). In addition, global 
models of d2Hp also average values over many years 
(Bowen et al. 2005). Therefore, we did not anticipate 
meaningful interannual error greater than the inherent 
‘‘noise’’ of these relationships. Sex and age (adult or 
juvenile) were determined for each bat using standard 
methods (Brunet-Rossinni and Wilkinson 2009, Racey 
2009). 
Hair (1–2 mg) was cut from the mid-scapular region 

of each bat and stored dry in plastic centrifuge tubes. 
Prior to isotope analysis, hair was cleaned of surface oils 
using a 2:1 chloroform : methanol solution and weighed 
(0.25–0.50 mg) into silver foil capsules (3 3 5 mm). Hair 
was not pulverized prior to isotopic analysis due to mass 
requirements. An earlier study indicated no significant 
difference in isotope values between whole and pulver
ized bat hair (Voigt et al. 2013). All sample analyses 
were performed at the U.S. Geological Survey’s Stable 
Isotope Laboratory located in Denver, Colorado, USA. 
Samples were allowed to air-equilibrate to ambient 

laboratory conditions for at least two weeks prior to 
analysis ( Wassenaar and Hobson 2003). Following 
equilibration, samples were pyrolyzed at 14258C in a  
high-temperature elemental analyzer (Thermo-Finnigan 
TC/EA, Thermo Scientific, Waltham, Massachusetts, 
USA) interfaced to an isotope-ratio mass spectrometer 
(Thermo-Finnigan Delta Plus XL, Thermo Scientific) 
operated in continuous-flow mode. Isotope ratios were 
reported in delta (d) notation, expressed as parts per 
thousand (%). Non-exchangeable H values were  d2

reported relative to Vienna Standard Mean Ocean 
Water (V-SMOW) following normalization to internal 
keratin standards (Alaska bear hair, d2H ¼ -175.5%; 
Louisiana bear hair, d2H ¼-78.1%) calibrated against 
widely used keratin standards detailed in Wassenaar and 
Hobson (2006 ). For samples within the range bracketed 
by the internal keratin standards, analytical error was 
64%. The internal keratin standards sufficiently brack
eted .72% of the samples. In an earlier study, several 
experiments were conducted to constrain extrapolation 
error (Kelly et al. 2009). The results confirmed linearity 
when d2H values were extrapolated 100% beyond the 
calibration range and showed an increase in error to 
68% (Wiley et al. 2012). However, d2H values of bat 
hair samples that fell outside the range of keratin 
standards in our study averaged only 9% beyond the 
end of the calibration range and all were above the 
enriched keratin standard (-78.1%). To avoid potential 
systematic bias during analysis, sample order was 
randomized in all cases and quality control and 
assurance were verified by repeated analyses of an in
house keratin standard, as well as primary standards 
analyzed as unknowns. Duplicate samples (n ¼ 27 pairs) 
were analyzed in separate analytical sequences and most 
duplicates were analyzed more than three months after 
analysis of the initial samples, with an average difference 
of 7%. 

Predicting geographic origins of molt 

We created a model to estimate the probability of 
molting origins (summer locations) for our sample of 
bats by combining prior information on the expectations 
for age- and sex-specific differences in geographic 
distribution with a spatially explicit distribution of 
d2Hp and d2Hh values of known origin (cf., Wunder 
2010). An assessment and caveats of this modeling 
approach are included in Appendix A. We considered 
sex-specific geographic distributions because hoary bats 
exhibit sex-biased continental distributions during sum

mer when they molt, and because there are areas of the 
continent where the species has not been documented as 
regularly occurring during certain months (Findley and 
Jones 1964, Cryan 2003). Although these occurrence 
data are biased in several ways (see Appendix A and 
discussions in Cryan 2003, Cryan and Diehl 2009, Kurta 
2010), they represent the most informative data on the 
continental age- and sex-specific distributions of hoary 
bats available. These distributions were used in an 
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empirically based Bayesian framework as prior weight 
for the isotope-based expectations for North America. 

We generated age- and sex-specific prior expectations 
of geographic distribution by defining a 10-decimal

degree (;1000 km) buffer around specimen-based 
occurrence records of hoary bats reported by (Cryan 
2003) for North America (n ¼ 3216; Fig. 1), after 
removing what were considered four extralimital records 
from Bermuda (n ¼ 3) and the Northwest Territory of 
Canada (n ¼1). We removed these latter records because 
we assumed that they involved wayward migrants 
(Hitchcock 1943, Van Gelder and Wingate 1961), such 
as those documented in Iceland (Hayman 1959, Koop

man and Gundmundsson 1966 ) and the Orkney Islands 
of Scotland (Hill and Yalden 1990). All occurrence 
records from the presumed molting period (Fig. 1; 
Cryan et al. 2004 ) were classified as either adult males or 
adult females and juveniles (irrespective of sex), and 
point density surfaces of occurrence locations were 
created for the two groups using a GIS (kernel density 
function, Spatial Analyst, ArcGIS 10; ESRI 2010). 
Multiple occurrence records from the same locality were 
consolidated into a single location record prior to 
density analysis, because we were not able to quantify 
differences in (and therefore adjust for) collection effort 
or detection probabilities for any set of collection sites or 
years. Output cell size was 200 [minutes] 3 200 to 
correspond with that of the precipitation isotope model 
(Bowen and Revenaugh 2003). The search radius of the 
density calculation was set to 10 decimal degrees (;1000 
km) because we assumed that the species could 
potentially occur about 1000 km beyond its well-
documented range. To address the potential for 
differences between sexes in the distribution of hoary 
bat capture locations being attributable to sampling 
bias, we generated density calculations from capture 
sites of eastern red bats (Lasiurus borealis) using the data 
reported by Cryan (2003). Eastern red bats and hoary 
bats have similar behaviors (Shump and Shump 
1982a, b) and we assumed that any general capture 
biases among regions and sexes would be similar in both 
species. 
The modeled precipitation values consisted of output 

from a meteoric-pattern-corrected spatial interpolation 
of 40-year average values for d2Hp measured at the 
GNIP (Global Network of Isotopes in Precipitation) 
collection sites (Bowen and Revenaugh 2003). We 

d2 d2estimated the relationship between Hp and Hh 

during the presumed molting period (20 June–23 
August) using original data reported for this species in 
a previous study (Cryan et al. 2004), with the following 
modifications: original values were recalibrated to 
newer, more widely available keratin laboratory stan
dards ( Wassenaar and Hobson 2006 ); interpolated 
estimates of d2Hp at presumed sites of hair growth were 
derived from the global growing-season precipitation 
model of Bowen et al. (2005) rather than that of Meehan 
et al. (2004 ); and additional samples from hoary bats 
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collected in North America during the presumed 
molting period were included (Fig. 1). The linear 
relationship between d2Hh and d2Hp previously reported 
by Cryan et al. (2004) was d2Hh ¼-24.81 þ 0.79(d2Hp), 
r 2 ¼ 0.60, P , 0.001, n ¼ 104; the relationship after 
making the changes just described was d2Hh ¼-42.61 þ
0.73(d2Hp), r 

2 ¼0.55, P , 0.001, n ¼117. Because we use 
this equation to predict hair values from modeled 
precipitation values, and because the biophysical depen
dency of hair d2H values on precipitation d2H values is 
not symmetric (i.e., d2Hh is always determined from 
d2Hp, whereas d

2Hp is never determined from d2Hh), we 
used ordinary least squares to estimate the slope and 
intercept parameters (see Wunder and Norris 2008, 
Wunder 2010). The 95% confidence limits for the slope 
and intercept were (0.61, 0.86 ) and (-50.9, -34.4 ), 
respectively. We retained the distribution of regression 
residuals as an estimate of the variance for constructing 
likelihoods with isotope data from bat hair samples of 
unknown origin. 
We used Bayes’ rule to compute the probability that 

location xi was the summer location of an individual 
given the observed d2H value yjk, where j indexes the sex 
of the bat and k indexes the observation number (cf., 
Wunder 2010). Our formulation of this probability was 

fY j X ðy jX ¼ xiÞfX j J ðxi j J ¼ jÞ 
fX j Y ðxi jY ¼ yjk Þ ¼  X ð1Þ 

fY j X ðy jX ¼ xiÞfX j J ðxi j J ¼ jÞ 
i 

where fX jY is the spatially explicit posterior probability 
density function for xi as the summer location, given the 
d2H value yjk. The random variable Y is continuous and 
represents the H values for bat hair of unknownd2

origin. The random variable X represents the cells within 
the isoscape, and has dimension 97 622. The random 
variable J is categorical with two dimensions: male and 
female/juvenile. We modeled fY jX using a Normal 
probability density with parameters l (set equal to the 
predicted values for the xi from the rescaled precipita
tion model) and r 2 (equal to the standard deviation of 
the calibration regression residuals). 
To infer a probable direction and distance of 

movement by each individual bat, we used a GIS 
(ArcGIS 10; ESRI 2010) to find the location of the grid 
cell with the highest relative posterior probability of 
molt origin and then calculated both direction (azimuth) 
and distance (km) from that probable summer origin to 
the site where the bat was subsequently sampled. We 
used the peaks of the posterior distributions for 
individual bats (as opposed to the boundary or centroid 
of a percentile) both to simplify the computations and 
because we were more interested in general patterns 
from the aggregate of individual estimates than in the 
estimate for any single bat movement. As such, our 
direction and distance calculations should not be 
interpreted as precise measures of actual movement; 
they serve only as informed estimates of such move

ments, based on the best information available. How
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TABLE 1. Stable isotope ratios of hydrogen (d2H) measured in the hair of hoary bats (Lasiurus cinereus) sampled throughout 
North America, by sex, age (both sexes of juveniles pooled), and season. 

Adult females Juveniles Adult males 

Season Mean (95% CI) n Mean (95% CI) n Mean (95% CI) n 

Summer 
Autumn 
Winter 
Spring 
All seasons 

-86 (-92 to -85) 
-94 (-101 to -87 ) 
-85 (-94 to -76 ) 
-90 (-95 to -86 ) 
-90 (-92 to -87 ) 

87 
35 
14 
72 
208 

-91 (-97 to -85) 

-91 (-97 to -85) 

45 
0 
0 
0 
45 

-84 (-86 to -81) 
-88 (-93 to -82) 
-88 (-101 to -76 ) 
-84 (-92 to -76 ) 
-85 (-87 to -83) 

118 
38 
15 
27 
198 

ever, we contend that these probability-based estimates RESULTS 

of direction and distance are useful for uncovering 
general migration patterns at a continental scale and for 
generating hypotheses of predominant seasonal conti
nental movements by hoary bats. 
To determine whether there was any systematic 

variation in movement angles and angular dispersion 
among sexes and seasons, we analyzed probable 
direction data with circular statistics (Zar 1976 ). We 
first used a Rayleigh test to determine if seasonal 
direction of movement in each sex  group had  a  
unimodal (rather than uniform) circular distribution. If 
both sex groups had unimodal distributions within a 
season, we then carried out Rao’s spacing test of 
uniformity for differences in mean angular direction of 
movement between groups (Rao 1972). Wind-rose plots 
summarizing directional movements and density plots of 
probable distances were created using statistical soft
ware (NCSS 8; NCSS 2012). For mapping and 
comparisons, seasons were simplified into winter (De

cember–February), spring (March–May), summer 
(June–August), and autumn (September–November), 
with the presumed molt period occurring entirely during 
summer. 
Evidence of population structure in North American 

hoary bats, or congeneric L. borealis, is lacking (Baker et 
al. 1988, Morales and Bickham 1995, Hermann 2001, 
Cryan 2003), so the population studied was assumed to 
be panmictic. Temporal structure to the migratory 
population was evaluated by visually assessing the 
patterns of probable origins for individual bats sampled 
sequentially at the same site within one to two months. 
For this analysis, a sequence of 59 hoary bats captured 
at a site in New Mexico between 8 and 23 May 2002 (see 
Cryan and Wolf 2003) represented spring migration. 
Late-summer/autumn migration was represented by a 
sample of 18 adult hoary bats (11 males, 7 females) 
found dead beneath wind turbines at a wind facility in 
Texas between 14 August and 12 September 2008, and a 
sample of 19 hoary bats (12 adult males, 1 adult female, 
6 juveniles) found beneath turbines at a site in New 
York from 20 July to 9 September 2007. We assumed 
that individual bats would originate from progressively 
lower or higher latitudes (‘‘chain’’ or ‘‘leapfrog’’  
migration, respectively) with strong temporal structure 
within the migratory population. 

The d2H values in the hair of hoary bats ranged from 
-146% to -43%, with average values across all seasons 
of -90% and -85% for adult females (n ¼ 208) and 
males (n ¼ 198), respectively (Table 1). Across all 
seasons, confidence intervals of sample means slightly 
overlapped between adult females and males (Table 1), 
with d2Hh values from males tending to be higher than 
those from females. Within seasons, d2Hh values of adult 
males trended higher than female values in samples 
collected during summer and autumn, whereas such 
differences were not as apparent in other seasons. Values 
of d2Hh for juveniles averaged -91% and had confidence 
intervals that tended to range lower than those of adult 
males, but not adult females (Table 1). 

There were considerable differences in the molt-period 
geographic distributions of occurrence locations for 
adult male and adult female/juvenile hoary bats; kernel 
densities of adult males tended to be highest in 
mountainous regions of western North America and to 
a lesser extent in an area centered near the southern tip 
of Lake Michigan, whereas the densities of locations 
where adult females and their young had been previ
ously documented during the molt period were highest 
across north-central and north-eastern latitudes (Fig. 
2A). Densities of hoary bat capture locations during the 
molt period were generally low in regions adjacent the 
Atlantic coast (Appendix B). Sex differences in the molt-
period geographic distributions of congeneric eastern 
red bats were not apparent and their capture locations 
occurred in higher densities along the Atlantic coast 
than those of hoary bats (Appendix B). These differ
ences in density of sampling locations between closely 
related species indicate that sex differences in the density 
of hoary bats and the lower prevalence of capture 
locations of hoary bats adjacent to the Atlantic coast are 
probably not attributable to sampling bias. 

A preliminary analysis revealed that inferences based 
on isotopes alone extended across broad bands of 
latitude and elevation that spanned the continent 
(examples in Fig. 2B). Incorporating distributional 
information as priors constrained the inferences to 
smaller regions of probable summer origin (examples 
in Fig. 2C ). These surfaces informed by distributional 
information indicate that hoary bats summer across a 
broad region of the continent ranging from coast to 
coast, and from high latitudes (e.g., northern Alberta, 
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FIG. 2. Illustration of the four-step process by which probable migration directions and distances of individual hoary bats were 
calculated from stable hydrogen isotope data. First, kernel densities of historical molt period (20 June–23 August) capture locations 
for adult male (left column, row A) and adult female/juvenile (right column, row A) hoary bats (Lasiurus cinereus) were created 
using occurrence data reported by Cryan (2003). Lighter shades represent higher densities of historical occurrence records. Second, 
relative probability density surfaces for the geographic origins of individual bats were created using a modeling approach that 
incorporated known sources of variation estimated from bat fur of known origin (examples from two individual bats in row B). 
Lighter shades represent areas where bats were more likely to be encountered during the molt period and darker shades represent 
areas of lower probability molt origin. Third, capture location density values were used as prior information when creating final 
probability density surfaces to refine estimates of summer fur-growth origin (background, row C ). Fourth, the direction and 
distance from the grid cell with the highest probability of summer molt origin to the sampling location was calculated for each bat. 
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PLATE 1. A hoary bat (Lasiurus cinereus) in the gloved hand of a researcher prior to a miniscule sample of its hair being clipped 
for stable isotope analysis. Results indicated that some of the hoary bats captured on this spring night in New Mexico (USA) likely 
spent the previous summer in places as far north as Canada, whereas others summered farther south and east. Photo credit: P. 
Cryan. 

Canada) to low latitudes (e.g., northern Mexico; 
Appendix C ). Most samples gathered during the 
summer molting period show the sampling site falling 
within or close to the region of highest probability of 
origin, whereas sampling sites tended to fall outside of 
high-probability areas in other seasons (Appendix C ). In 
general, the models reflect patterns seen in occurrence 
records and indicate that the largest areas of likely origin 
for many of the adult male hoary bats were in 
mountainous regions of the western United States and 
Mexico or near the Great Lakes, whereas most adult 
females probably molted in areas east and north of the 
Rocky Mountains during summer. 
There was widespread evidence of long-distance, 

continental migration by hoary bats. The probable 
directions and distances of seasonal movements are 
summarized in Fig. 3. Rayleigh tests revealed that 
directional movements of both sexes were statistically 
unimodal (rather than uniform) in circular distribution 
during all seasons except for males in winter (Table 2). 
Statistical differences in the mean angular direction of 
movements by males and females/young were detected 
in spring, but not in other seasons (Table 3). The 

predominant direction of females during spring was 
southwest of where they molted in the previous summer, 
whereas males tended to be sampled southeast of their 
prior summering grounds (Tables 2 and 3). Adult males 
and females showed significant differences in dispersion 
direction during spring and summer (Table 3). In 
general, probable longitudinal movements from inland 
summering areas to coastal regions were sometimes 
more prevalent than latitudinal movements. The prob
able summer movements of females/young tended to be 
shorter than those of adult males, the latter of which 
tended to be longest in summer (Fig. 3). Samples from 
autumn indicated some northward movements in 
addition to the more prevalent southern and coastward 
movements, and indicated that some adult males may 
move distances comparable to those of females/young, 
although male movements were often eastward (Table 2, 
Fig. 3). Samples from winter indicated a slight trend 
toward farther probable movements by females/young 
than adult males, and the wintering grounds of females 
being located mostly southwest of summering areas. 
Many samples of males from winter indicated longitu
dinal movements toward coastal areas. Spring samples 
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FIG. 3. Probable migratory movements of individual hoary bats (Lasiurus cinereus), inferred from analysis of stable hydrogen 
isotope ratios in fur, by season. The left column shows vectors of movement from location of highest probability of summer molt 
origin to sampling location. The middle column shows stem-and-rose plots summarizing the predominant direction of movements. 
The right column includes kernel density plots of probable distances moved by individuals. These kernel density plots integrate area 
under the curves to unity and were estimated from the empirical frequency distributions. In all subfigures, black symbols represent 
adult females/juveniles (F) and gray symbols represent adult males (M). 



June 2014 MIGRATION MOVEMENTS OF BATS 611 

TABLE 2. Summary statistics showing the mean angular direction of probable movements of hoary bats inferred from stable 
isotope analysis, by season and group. 

Males Females and young 

Season n Mean Rho P n Mean Rho P 

Summer 118 65 0.56 ,0.001 132 184 0.18 0.02 
Autumn 38 103 0.42 0.001 35 199 0.41 0.002 
Winter 15 131 0.27 0.35 14 229 0.64 0.002 
Spring 27 126 0.36 0.03 72 219 0.79 ,0.001 

Notes: Rho and P values show results of Rayleigh tests to determine if seasonal direction of movement in each sex group had a 
unimodal (rather than uniform) circular distribution. Boldface P values indicate subsets of data with statistically significant 
unimodal distributions. 

indicated probable movements of females from south
western regions relative to their previous summering 
area, as well as a trend toward shorter probable 
distances than in autumn and winter (Fig. 3). Probable 
movements of males during spring, like winter, were 
often longitudinal. Probable distance measures during 
winter tended to be more bimodal than other seasons, 
possibly due to the presence of young-of-year bats 
(indistinguishable from adults during those seasons) in 
the samples (Fig. 3). 
Origins of bats sequentially sampled in New Mexico 

during spring (Appendix D) and in Texas (Appendix E) 
and New York (Appendix F) during late-summer/ 
autumn migration periods indicated no evidence of 
strong temporal migratory structure. 

DISCUSSION 

Our results broadly confirm earlier evidence that 
hoary bats summer across northern Mexico, the United 
States, and Canada, typically migrate hundreds of 
kilometers, and exhibit sex differences in movement 
during certain seasons. Our new analytical methods 
extend our understanding by suggesting finer scale 
patterns in the seasonal movements of hoary bats. Such 
patterns can be used to make predictions about how and 
why they migrate, where  they  might winter,  their  
potential susceptibility to white-nose syndrome, and 
how their susceptibility to wind turbines may relate to 
continental movements. 
Hoary bats are thought to roost in the foliage of trees 

throughout the year (Shump and Shump 1982b) and are 
therefore susceptible to freezing temperatures (Davis 
1970a, Cryan and Veilleux 2007 ). It has therefore been 
assumed that most North American hoary bats migrate 
south to warmer latitudes where they can remain active 
during at least part of the winter (Miller 1897, Findley 
and Jones 1964, Cryan 2003, Fleming and Eby 2003, 
Altringham 2011). This long-standing assumption about 
migratory habits is based on encounter records, which 
are largely clustered during the warmer months. Little is 
known of the winter ecology and few records exist for 
winter from any part of North America (Dalquest 1943, 
Cryan and Veilleux 2007) or South America (Cryan 
2003), so where do North American hoary bats go 
during winter? It is possible that some hoary bats retreat 

beneath leaf litter during freezing conditions, as has been 
observed in eastern red bats during winter in the 
southeastern United States (Saugey et al. 1989, Mor

mann and Robbins 2007 ). However, it is unlikely that 
hoary bats could survive the sustained freezing winter 
temperatures characteristic of the interior parts of North 
America where they regularly occur during summer 
(Cryan and Veilleux 2007 ). Sustained freezing temper

atures therefore might be a considerable selective force 
in shaping the seasonal migrations of bats that roost 
primarily in trees and that can readily use torpor to save 
energy when food resources are not available. Several 
species of migratory tree bats in Europe are known to 
migrate from summering grounds in the interior of the 
continent to wintering areas where the severity of winter 
cold is moderated by the Atlantic Ocean and Black and 
Mediterranean Seas (Strelkov 1969, Hutterer et al. 2005, 
Steffens et al. 2007, Altringham 2011). 

Our data suggest not only that many hoary bats 
migrated in a southerly direction for the winter, but also 
that there was a surprising amount of longitudinal 
movement toward coastlines from more inland summer

ing grounds. We are not aware of any detailed 
information on the winter habitat needs or behaviors 
of hoary bats, and it is possible that the species exhibits a 
spectrum of overwintering strategies ranging from 
homeothermy in subtropical areas to hibernation in 
colder places. Therefore, we hypothesize that many 
hoary bats migrate to more humid wintering areas with 
consistent tree foliage and more stable, nonfreezing (but 

TABLE 3. Results of Rao’s spacing tests of uniformity for 
differences in the mean angular direction and dispersion of 
probable movements of adult male and female/young hoary 
bats inferred from stable isotopes, by season. 

Direction Dispersion 

Season U P U P 

Summer 0.03 0.86 17.02 ,0.001 
Autumn 0.97 0.32 0.00 0.96 
Winter 2.07 0.15 3.03 0.08 
Spring 10.55 0.001 19.87 ,0.001 

Note: The test statistic is Rao’s U; P values in boldface 
indicate statistically significant deviations from uniform distri
butions (Rao 1972). 
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not necessarily warm) temperatures, the majority of 
which may be in coastal regions. If this is indeed the 
case, migration patterns of some hoary bats may have 
evolved in a way similar to those of other temperate-

zone genera of vespertilionid bats that migrate primarily 
to reach suitable hibernation sites rather than consistent 
food resources and favorable temperatures for winter 
homeothermy. If hoary bats consistently migrate to 
coastal wintering areas, recent and historical observa
tions of this and other species of tree bats seasonally 
appearing along coastlines and on remote islands during 
autumn (Miller 1897, Van Gelder and Wingate 1961, 
Tenaza 1966, Cryan and Brown 2007 ), or experiencing 
higher fatality rates at wind energy facilities on forested 
ridgelines of the Appalachian Mountains during autumn 
(Kunz et al. 2007a, Arnett et al. 2008, Smallwood 2013), 
may have more to do with the general movement of bats 
away from inland regions than strictly latitudinal 
movements southward along coastlines or mountain 
ranges. 
Finding the wintering grounds of hoary bats in North 

America may be an important step in assessing their 
potential vulnerability to white-nose syndrome (WNS). 
White-nose syndrome is a disease caused by the fungus 
Pseudogymnoascus destructans, which infects the skin of 
North American bats while they hibernate and leads to 
catastrophic physiological and energetic disruption of 
hibernation (Lorch et al. 2011, Warnecke et al. 2012, 
Minnis and Lindner 2013). Our findings suggest that at 
least some proportion of the continental hoary bat 
population may remain in temperate North America to 
hibernate in coastal regions after migration, which, if 
true, could put the species at risk for WNS. 
Our results indicated a considerable number of 

eastward movements of adult female hoary bats during 
spring and opposite westward movements during 
autumn. A previous study of seasonal occurrence 
records at the continental scale uncovered evidence that 
female hoary bats may leave wintering grounds in 
California and Mexico to migrate eastward across the 
continent in spring, and that some are likely to return to 
California in autumn (Cryan 2003); our results are 
consistent with this possibility. These earlier conclusions 
about continental movement patterns of female hoary 
bats were inferred from occurrence records and thus 
made at the population level. However, our isotope 
findings show probable movements of individual bats 
that are consistent with the population patterns emer

gent from those disparate occurrences of multiple 
individuals sampled across many years and seasons. 

One of the more surprising findings of this study was 
the predominance of probable eastward movements by 
adult male hoary bats during late summer and 
autumn—the same direction traveled by most females 
during spring, yet different than migration by most 
females/young during autumn. Previous authors have 
noted the disappearance of adult male hoary bats from 
certain western areas during late summer (e.g., Findley 
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et al. 1975), and our findings suggest that adult male 
hoary bats embark on migratory journeys similar to 
those made by adult females, but perhaps delay 
movement into areas farther east until females have 
weaned their young in late summer and are approaching 
sexual receptivity. Mating occurs in hoary bats during 
late summer through winter, with females delaying 
pregnancy until the following spring (Druecker 1972, 
Koehler and Barclay 2000, Cryan et al. 2012a). If some 
adult male hoary bats indeed delay their longest 
migration movements until mating begins, it would 
represent a potentially unique migration strategy driven 
more by reproduction than food availability and/or 
favorable environmental conditions. Although it may be 
energetically favorable and less risky for adult males to 
wait for females to migrate back to wintering areas 
during autumn, the high potential for sperm competition 
in bats (Hosken 1997, Wilkinson and McCracken 2003) 
may impart a selective advantage to males migrating to 
intercept females before other males do. In addition, 
male hoary bats are not constrained by the need to 
quickly establish mating territories during spring or 
perhaps move to consistently warm habitats with 
abundant food resources, thus potentially evolving 
unique migration strategies that differ considerably 
from those of females (see McGuire et al. 2013). 

An intriguing alternative to the hypothesis of east
ward and northward movement by adult male hoary 
bats during late summer is that there are areas of the 
continent where adult males are abundant during the 
molt period, but have gone mostly undocumented over 
the past century (Kurta 2010). Because adult male hoary 
bats had been infrequently captured and/or collected in 
many eastern regions during the summer molt period, 
they were assigned lower probabilities of originating 
there by our model, regardless of proximity (see the 
example male in Fig. 2B). We acknowledge  the  
possibility that large numbers of adult male hoary bats 
may occur, but have somehow gone unnoticed, during 
the molt period across broad areas of eastern North 
America (Appendix A). However, our analysis of 
capture sites of eastern red bats does not suggest major 
sampling bias and the cryptic presence of adult male 
hoary bats (Appendix B). 

We found no evidence of strong temporal migratory 
structure in the population of North American hoary 
bats. Origin estimates of bats sampled sequentially 
through time showed no obvious patterns, such as 
originating from progressively lower (‘‘chain migra

tion’’) or higher (‘‘leapfrog migration’’) latitudes over 
time. A limited number of individuals sampled on the 
same night at the same site occasionally had similar or 
identical isotope values, suggesting that pairs or small 
groups of individuals might travel together, but in most 
cases the origins of individuals sampled over a few 
nights were disparate (Appendices C–F). Hoary bats 
roost alone or in small (fewer than five individuals) 
family groups during much of the year, but are 
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sometimes observed in larger groups during spring and 
autumn migratory periods (Fleming and Eby 2003, 
Cryan and Veilleux 2007 ). The lack of evidence for 
strong temporal migratory structure suggests that hoary 
bats sampled in areas where they concentrate in 
distribution during migration, such as the New Mexico 
site in spring or the wind energy sites in late summer and 
autumn (Cryan and Brown 2007, Kunz et al. 2007b, 
Arnett et al. 2008, Baerwald and Barclay 2009), may be 
random aggregations of individuals brought together by 
geography or some other factor rather than cohesive 
social groups of related individuals traveling to and 
from the same summering grounds. 

Poorly characterized migration behaviors and weak 
temporal structure to the migratory population of hoary 
bats in North America could make it more difficult to 
predict their migration movements and assess the 
conservation implications of human-caused mortality. 
Our stable isotope results indicate that at any given site 
during migration periods, the hoary bats traveling past 
are likely to have originated from a broad expanse of 
summering grounds from which they have traveled in no 
recognizable order. Because of these apparent patterns 
of movement, point-source accidents experienced by 
hoary bats during autumn, such as fatalities at wind 
turbines, have the potential to affect the entire 
continental population rather than subpopulations from 
certain geographic regions. Similar patterns of disparate 
and far summer origins have been inferred using similar 
isotope techniques on migratory species of bats found 
dead at turbines in Europe ( Voigt et al. 2012a). 
Available evidence indicates that wind turbines consis
tently affect bats from distant and disparate places. 

Notwithstanding the limitations of stable hydrogen 
isotope analysis in discerning the precise migratory 
origins of individual hoary bats, population-level 
patterns of movement and structure are becoming 
clearer. Incorporation of additional information (e.g., 
less biased occurrence data, additional isotopes, radio-
tracking, species distribution modeling) into the frame

work developed in this study will allow the testing of 
hypotheses of sex- and age-specific individual- and 
population-level movements and will advance our 
understanding of migration in this unique group of 
mammals. 
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SUPPLEMENTAL MATERIAL 

Appendix A 

Discussion of caveats associated with the analysis and an assessment of the origin–estimation model (Ecological Archives 
A024-036-A1). 

Appendix B 

Maps showing densities of occurrence locations of eastern red bats (Lasiurus borealis) and hoary bats (Lasiurus cinereus) in  
eastern North America, grouped by sex (Ecological Archives A024-036-A2). 

Appendix C 

Probability density surfaces showing areas where stable hydrogen isotope analysis indicated that individual hoary bats (Lasiurus 
cinereus) molted into new fur, arranged chronologically by Julian day of year (Ecological Archives A024-036-A3). 

Appendix D 

Video sequence of probability density surfaces showing areas where stable hydrogen isotope analysis indicated that 59 individual 
hoary bats (Lasiurus cinereus) sampled during spring migration at a site in New Mexico between 8 and 23 May 2002 probably 
molted into new hair the previous summer (Ecological Archives A024-036-A4 ). 

Appendix E 

Video sequence of probability density surfaces showing areas where stable hydrogen isotope analysis indicated that 18 individual 
hoary bats (Lasiurus cinereus) found dead beneath wind turbines at a wind energy facility in Texas between 14 August and 12 
September 2008 probably molted into new hair the previous summer (Ecological Archives A024-036-A5). 

Appendix F 

Video sequence of probability density surfaces showing areas where stable hydrogen isotope analysis indicated that 19 individual 
hoary bats (Lasiurus cinereus) found dead beneath wind turbines at a wind energy facility in New York from 20 July to 9 September 
2007 probably molted into new hair the previous summer (Ecological Archives A024-036-A6 ). 
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