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Abstract

Temperate zone bats may be more sensitive to climate change than other

groups of mammals because many aspects of their ecology are closely linked to

temperature. However, few studies have tried to predict the responses of bats to

climate change. The Indiana bat (Myotis sodalis) is a federally listed endangered

species that is found in the eastern United States. The northerly distribution of

Indiana bat summer maternity colonies relative to their winter distributions

suggests that warmer climates may result in a shift in their summer distribu-

tion. Our objectives were to determine the climatic factors associated with

Indiana bat maternity range and forecast changes in the amount and distribution

of the range under future climates. We used Maxent to model the suitable climatic

habitat of Indiana bats under current conditions and four future climate

forecasts for 2021–30, 2031–40, 2041–50, and 2051–60. Average maximum tempera-

ture across the maternity season (May–August) was the most important variable

in the model of current distribution of Indiana bat maternity colonies with

suitability decreasing considerably above 28ºC. The areal extent of the summer

maternity distribution of Indiana bats was forecasted to decline and be concen-

trated in the northeastern United States and Appalachian Mountains; the wes-

tern part of the current maternity range (Missouri, Iowa, Illinois, Kentucky,

Indiana, and Ohio) was forecasted to become climatically unsuitable under

most future climates. Our models suggest that high temperatures may be a fac-

tor in roost-site selection at the regional scale and in the future, may also be an

important variable at the microhabitat scale. When behavioral changes fail to

mitigate the effects of high temperature, range shifts are likely to occur. Thus,

habitat management for Indiana bat maternity colonies in the northeastern

United States and Appalachian Mountains of the Southeast is critical as these

areas will most likely serve as climatic refugia.

Introduction

Global climate change is predicted to have significant

impacts on the world’s biodiversity including range shifts,

range contractions, and extinctions (Thomas et al. 2004;

Malcolm et al. 2006; Huntley et al. 2008; Milanovich

et al. 2010; Pereira et al. 2010). Thus, there has been con-

siderable emphasis in recent years on developing models

of future plant and animal distributions (Wiens et al.

2009). Mammals have received less attention than other

organisms, perhaps because they are more likely than

other taxa to show indirect responses to climate change,

such as tracking the direct responses of their habitats or

prey (Berteaux and Stenseth 2006). Yet, a few studies pre-

dict that climate change will result in range shifts

(Adams-Hosking et al. 2011), range contractions (McCain

and Colwell 2011), and declines in diversity (Currie

2001).

Temperate zone bats may be more sensitive than many

other groups of mammals to climate change because their

reproductive cycles, hibernation patterns, and migration

are closely linked to temperature (Racey 1982; Humphries

et al. 2002; Jones et al. 2009; Newson et al. 2009). For

example, parturition may be delayed in some years due to

the facultative use of daily torpor in response to cool

temperatures (Racey and Swift 1981; Burles et al. 2009).

Conversely, it has been suggested that their use of hetero-

thermy may make them better able to adapt to warming
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temperatures (Boyles et al. 2011). Furthermore, many cli-

mate change scenarios forecast increasing incidences of

drought or extreme weather events that may affect bat

reproduction and survival (Jones et al. 2009). Most insec-

tivorous bats must drink to maintain water balance, and

water needs increase considerably during pregnancy and

lactation (Kurta et al. 1989, 1990; Adams and Hayes

2008). Thus, severe droughts, particularly when coupled

with unusually cold or hot temperatures, may have direct

impacts on bat reproductive success (Bourne and Hamil-

ton-Smith 2007; Adams 2010). Indirect impacts due to

drought may also occur. For example, insect populations

often decline during drought (Hawkins and Holyoak

1998) resulting in increased foraging costs and decreased

annual survival for bats (Frick et al. 2010).

Climate change may also result in shifts in the distribu-

tion of both summer and winter ranges of temperate zone

bats. Some species have already experienced range shifts

including the northward extensions of Kuhl’s pipistrelle

bat (Pipistrellus kuhlii) in Europe (Sachanowicz et al.

2006), and the Brazilian free-tailed bat (Tadarida brasili-

ensis) and Seminole bat (Lasiurus seminolus) in the

southeastern United States (Lee and Marsh 1978; Wilhide

et al. 1998). Based on preferred hibernation temperatures,

the winter distribution of little brown bats (Myotis lucifu-

gus) is predicted to show a pronounced northward

movement (Humphries et al. 2002), and the ranges of

European bats are forecasted to show considerable shifts,

with species in the Boreal Zone experiencing the greatest

change and risk of extinction (Rebelo et al. 2010). Other

than Humphries et al. (2002), Rebelo et al. (2010), Hughes

et al. (2012), and Kalcounis-Rueppell et al. (2012), we are

unaware of other attempts to predict or forecast changes

in bat distribution in response to climate change.

The Indiana bat (M. sodalis) is currently designated as

an endangered species under the U.S. Endangered Species

Act of 1973 (U.S. Fish and Wildlife Service 2007) and is

found in parts of the northeastern, Midwestern, and

southeastern United States (Fig. 1). During winter, Indi-

ana bats hibernate in cool caves and mines in 19 states,

with the most important hibernacula (� 10,000 bats)

occurring primarily in the Midwest and Southeast (U.S.

Fish and Wildlife Service 2007). Factors thought to have

led to their decline and subsequent endangered status

include destruction and degradation of hibernacula;

disturbance during hibernation; and loss and degradation

of summer maternity habitat, migratory habitat, and

swarming sites (U.S. Fish and Wildlife Service 2007).

Indiana bat populations began to increase in 2000-2005,

but have declined subsequently due to White-nose

Syndrome (WNS), an epizootic disease caused by a fungal

pathogen (Geomyces destructans) that disrupts hibernation

physiology and leads to death in at least six bat species

(Lorch et al. 2011; Warnecke et al. 2012) including the

Indiana bat (Langwig et al. 2012). Between 2006 and 2011,

the number of Indiana bats hibernating in the northeast-

ern United States declined by 72% (Turner et al. 2011).

In spring, female Indiana bats migrate � 575 km to

their summer range (Winhold and Kurta 2006) to form

maternity colonies in snags and live trees of a wide range

of species (Menzel et al. 2001; Kurta 2005). Although the

migratory patterns of Indiana bats are not well under-

stood, the limited data available on migration suggests

that females migrate north from winter hibernacula in the

Midwestern and southeastern United States (Gardner and

Cook 2002; Kurta and Murray 2002; U.S. Fish and

Wildlife Service 2007) and possibly short distances in a

southerly direction (Britzke et al. 2006); males usually

stay within the general vicinity of the hibernacula

(Gardner and Cook 2002). Thus, the summer maternity range

has a more northerly distribution than the winter range,

particularly in the western part of the range (Fig. 1).

Many studies have examined tree and microhabitat

factors related to maternity roost use and have concluded

that trees with greater solar exposure are likely selected

because they allow passive warming of females and young,

thus reducing some of the energetic costs of reproduction

(Kurta et al. 1993, 2002; Callahan et al. 1997; Carter and

Feldhamer 2005; Timpone et al. 2010). Yet, Indiana bats

are rarely found in the warmer areas of the southeastern

United States despite sufficient forested habitat (Brack

et al. 2002), and when they are found in the Southeast,

they are restricted to the mountainous regions (Harvey

2002; Britzke et al. 2003). This pattern suggests that on a

regional or rangewide scale, climatic factors driving sum-

mer maternity range distribution may differ from those

driving microhabitat selection.

No Records
Hibernacula only

Hibernacula + maternity colony
Maternity colony only

Figure 1. Counties within the eastern United States in which there

are records for Indiana bat hibernacula, maternity colonies, and both.

Source was primarily U.S. Fish and Wildlife Service (2007).
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Although Brack et al. (2002) conducted a qualitative

examination of regional temperatures related to Indiana

bat summer and winter distribution, no quantitative anal-

yses have been conducted to determine the climatic fac-

tors related to the maternity range of the Indiana bat.

The northerly distribution of Indiana bat maternity colo-

nies relative to their winter distributions suggests that at a

regional scale, Indiana bat maternity colonies prefer rela-

tively cooler temperatures during summer. If that is the

case, the warmer temperatures forecast under various cli-

mate change scenarios (IPCC 2007) may result in shifts

or contractions of the area used by Indiana bat maternity

colonies during summer. Thus, our objectives were to

determine the climatic and topographic (i.e., elevation)

factors associated with Indiana bat maternity range and

forecast changes in the overall amount and distribution

of the maternity range under various carbon emission

scenarios and global circulation models (GCM). Because

little is known about the climatic factors affecting Indiana

bat maternity roost requirements, we used a correlative

approach to develop a species distribution model as

opposed to a mechanistic approach based on physiologi-

cal and life history responses to environmental factors

(Wiens et al. 2009). Although these methods have a num-

ber of underlying assumptions and uncertainties, includ-

ing uncertainties in the climate models, they are a useful

way to examine the potential consequences of climate

change and highlight areas and species that may be most

vulnerable (Lawler et al. 2009; Wiens et al. 2009) as well

as areas that may serve as climatic refuges (Adams-Hos-

king et al. 2011).

Materials and methods

Study area and sample data

We included the entire eastern United States in our mod-

els (Fig. 1). Maternity records of Indiana bats from 1963

to 2007 were obtained from the draft recovery plan (U.S.

Fish and Wildlife Service 2007) and additional records

were obtained from the U.S. Fish and Wildlife Service.

Although the records date back to 1963, 75% of the

records were from 1991 or later. Because the coordinates

of most maternity colonies were not available, we used

the county center for each record. Multiple records within

counties were not included. We used the Mean Centers

Tool in ArcGIS 9.3 to determine the county centers.

Current and future climate data

We modeled the current maternity distribution of Indiana

bats using PRISM climate data for the maternity season

(May–August) averaged over 1971–1999. Because our

occurrence data were at the county level, we used county-

level climate data. These data were based on the weighted

mean averages of the underlying 5 arc minute grid

(http://www.fs.fed.us/rm/data_archive/dataaccess/US_Hist-

ClimateScenarios_county_PRISM.shtml [2010, August 2]).

This dataset contained the average minimum and maxi-

mum temperature for each month, the monthly precipita-

tion totals, and elevation for each county. Because

average minimum and maximum monthly temperatures

for May through August were highly correlated with each

other (r � 0.95), we used maximum monthly tempera-

ture (AvgTmax) averaged across May through August.

Precipitation values were not highly correlated with

AvgTmax or elevation (r � 0.70), although there was

some correlation among June, July, and August monthly

precipitation (0.72 < r < 0.82). Thus, our models con-

tained six variables: AvgTmax (the average maximum

daily temperature [ºC] for May through August), Precip5,

Precip6, Precip7, Precip8 (the average monthly precipita-

tion [mm] totals for May, June, July, and August, respec-

tively), and Elev (m).

We used the same six variables to model future

distributions of Indiana bat maternity colonies based on

forecasted climates under the A1B and B2 carbon emission

scenarios coupled with one of three GCMs (USDA Forest

Service 2012). The A1B scenario represents a future in

which there is rapid economic growth with the global

population reaching a peak in the mid 21st century and

then declining, and a balance between the intensive use of

fossil fuels and non-fossil fuel energy sources (IPCC

2007). The B2 scenario represents a future where there is

a continuously increasing global population, but at a

slower rate than other scenarios; intermediate levels of

economic growth; and emphasis on environmental pro-

tection and social equity. These scenarios were coupled

with the CSIRO, MIROC, or Hadley GCMs (A1B-CSIRO,

A1B-MIROC, B2-CSIRO, and B2-Hadley) to create a

range in increasing temperatures and precipitation

changes (Table 1). Models were developed for 2021–2030,
2031–2040, 2041–2050, and 2051–2060.

Modeling procedures

We used Maxent version 3.3.3e to model current and

future distributions of Indiana bat maternity colonies.

Maxent models species distributions based on presence

only data and performs well compared with many other

ecological niche model approaches (Elith et al. 2006; Phil-

lips et al. 2006). We created raster datasets from the

county-level climate data using ArcMap 10.0 and the

default raster size (0.099). We ran 20 replicates of each

model where 75% of the data points were randomly

selected to train the model and the remaining 25% of the
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sample points were used as test data in each run. We

used the default settings and ran 500 iterations of each

model (Phillips and Dud�ık 2008). The model was evalu-

ated using a null model procedure (Raes and ter Steege

2007). We generated 1000 sets of 183 random occurrence

points (equal to the number of real occurrence points in

our dataset) using ENMTools Version 1.3 (Warren et al.

2010). We used Maxent to calculate the area under the

receiver operating curve (AUC) for each of the 1000 null

datasets and tested whether the AUC of the Indiana bat

dataset exceeded the 95th percentile of the null dataset

AUCs. We used the 10% training presence threshold to

determine which areas were suitable for Indiana bats

based on the climatic variables under current and future

scenarios. We calculated the percent of the eastern United

States (Fig. 1) and the percent of the current suitable dis-

tribution that were forecasted to be suitable for each time

period. We also calculated the percent overlap between

the current and future distributions.

Results

Current distribution models

Approximately, 27% of the eastern United States was pre-

dicted to be suitable for Indiana bat maternity colonies

based on the 1971–1999 climate and elevation data. Suit-

able climatic areas based on the model closely overlapped

the current summer maternity range (Fig. 2). The AUC

for the training dataset was 0.88 (S.D. = 0.02) and the

AUC for the test dataset was 0.82 (S.D. = 0.02). The 95th

percentile of the AUCs for the null training data was 0.74

and the 95th percentile of the AUCs for the null test data

was 0.59. Thus, both the training and test models were

significantly different from random.

AvgTmax was the most important variable and contrib-

uted 41.5% to the model followed by Precip5 (27.6%)

and Elev (24.8%). Areas with AvgTmax between 23.4ºC
and 27.4ºC were most likely to be climatically suitable

and the probability of presence dropped close to zero

once AvgTmax exceeded 29.9ºC (Fig. 3a). The probability

of maternity colony presence increased with increasing

precipitation in May (Fig. 3b) while the response curve

for Elev peaked at elevations between 120 m and 330

(Fig. 3c).

Table 1. Differences from current conditions (1971–1999) averaged over 10-year periods in mean May–August average maximum temperature

(AvgTmax) and monthly precipitation for each climate change scenario/GCM combination. Standard deviations are given in parentheses.

Scenario Years AvgTmax (ºC) May Precip (mm) Jun Precip (mm) July Precip (mm) Aug Precip (mm)

A1B CSIRO 2021–2030 1.88 (0.65) 1.68 (19.91) �3.82 (22.38) �11.43 (12.92) 2.37 (17.55)

2031–2040 1.54 (0.34) 6.20 (18.59) 18.91 (19.00) 7.40 (15.31) �2.76 (20.14)

2041–2050 1.32 (0.48) 25.01 (24.87) 28.34 (27.61) 16.21 (22.91) 5.73 (20.53)

2051–2060 2.88 (0.79) 6.75 (24.22) 6.28 (30.58) �3.26 (20.91) 12.80 (21.85)

A1B MIROC 2021–2030 2.88 (0.93) �9.75 (13.12) �20.78 (18.37) �15.42 (19.29) �15.31 (18.11)

2031–2040 3.63 (0.93) �11.62 (1.20) �37.16 (21.61) �30.65 (22.10) �24.47 (21.63)

2041–2050 3.74 (0.99) �10.11 (14.57) �20.66 (19.92) �23.85 (25.37) �17.71 (22.68)

2051–2060 4.93 (1.10) �15.58 (13.98) �32.28 (22.07) �26.97 (20.39) �26.42 (28.08)

B2 CSIRO 2021–2030 2.31 (0.53) �2.79 (11.30) �2.15 (10.10) 7.40 (18.29) 10.98 (16.88)

2031–2040 2.57 (0.64) �8.14 (13.93) �0.80 (12.42) �6.54 (16.78) 2.95 (16.32)

2041–2050 2.64 (0.72) �7.48 (12.11) �6.09 (10.80) �3.79 (18.09) �4.82 (19.98)

2051–2060 3.07 (0.61) �2.38 (11.42) �3.08 (9.55) �5.43 (15.38) �2.34 (15.37)

B2 Hadley 2021–2030 1.98 (0.73) 5.09 (15.23) �6.57 (12.62) �2.20 (13.24) 5.44 (14.48)

2031–2040 2.76 (0.56) �8.35 (13.62) �10.45 (13.98) �1.93 (14.03) 3.18 (17.29)

2041–2050 3.36 (0.68) 1.53 (17.11) �5.24 (18.04) �4.71 (12.55) 0.96 (18.71)

2051–2060 3.77 (0.93) �1.99 (10.75) �9.30 (13.82) �4.55 (17.52) �9.13 (21.01)

Figure 2. Climatic suitability for Indiana bat maternity colonies in the

eastern United States based on recent (1971–1999) climatic

conditions.
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Future climate scenarios and forecasts

AvgTmax was forecasted to increase in all climate sce-

nario/GCM combinations between 2021 and 2060, but

the temporal patterns and degree of increase varied

among scenarios (Table 1, Fig. 4). Furthermore, increases

in AvgTmax were not uniform across the eastern United

States with the greatest increases occurring in the north-

ern and western parts of the region (Fig. 4). Precipitation

also varied with some scenario/GCM combinations fore-

casting increases in precipitation and others, particularly

A1B-MIROC, predicting considerable declines in precipi-

tation (Table 1, Fig. S1).

Overall, the suitable area for summer maternity colo-

nies of Indiana bats was forecasted to decline (Table 2)

and be concentrated in the northeastern United States

and along the Appalachian chain (Fig. 5). Most of the

loss in suitable habitat was in the western and central part

of the range and much of the gain in suitable habitat was

in the northeastern United States, the southern Appala-

chians, and parts of the upper Midwest (e.g., Wisconsin

and Michigan; Fig. 6). Other than the A1B-CSIRO sce-

nario, the suitable range for Indiana bat maternity colo-

nies was forecasted to decline to 8.3–52.8% of the current

suitable range (Table 2). Under the A1B-CSIRO scenario,

the suitable area was forecasted to decline to 20% of cur-

rent levels in 2021–2030, but increase during 2031–2050.
This increase in suitable area was due to a decrease in

forecasted AvgTmax after the 2021–2030 period (Table 1

and Fig. 4) and an increase in precipitation, particularly

during May (Table 1). Even though the amount of fore-

casted climatically suitable area in 2041–2050 was greater

than the current forecasted suitable area (Table 2), much

of the western portion of the current range (e.g., Mis-

souri, Illinois, Iowa) was not forecasted to be suitable

(Fig. 5 and 6). Furthermore, the amount of climatically

suitable habitat was forecasted to decline precipitously

again after 2050 (Table 2). The A1B-MIROC, B2-CSIRO,

and B2-Hadley climate forecasts generally resulted in a

decline in the amount of suitable habitat from 2021–30
to 2051–60. The amount of overlap between forecasted

suitable areas and current suitable areas range from 32%

to 75%. Under some future climatic conditions (e.g.,

A1B-CSIRO and B2-Hadley), much of the remaining cli-

matically suitable area was within currently suitable areas,

whereas in the others, much of the climatically suitable

area was outside the current suitable range.

Discussion

Our analysis provides insight into the factors potentially

influencing the current distribution of Indiana bat mater-

nity colonies and suggests that the future suitable climatic

range will decline over the next 50 years. We found

that the most climatically suitable mean maximum

temperature over the course of the maternity season was

23.4–27.4ºC. Thus, increases in AvgTmax as are forecasted

under various global climate change scenarios may have
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Figure 3. Probability that an area is climatically suitable for Indiana

bat maternity colonies based on a) average maximum daily

temperature from May through August, b) May precipitation, and c)

elevation.
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profound effects on the future summer distribution of

Indiana bat maternity colonies. Because most of the

warming was forecasted to occur in the western portion

of the current range, the heart of the Indiana bat mater-

nity range was forecasted to shift from its current posi-

tion in the Midwestern United States to the northeastern

United States and the Appalachian Mountains.

Although most of the known maternity colonies fell

within areas that were forecast to be highly suitable

(Fig. 2), there were many areas that were predicted to be

suitable that are not known to contain Indiana bat mater-

nity colonies. Indiana bats are an endangered species and

their populations are much lower than in historic times

due to disturbance and destruction of hibernacula and

loss and degradation of their summer habitat (U.S. Fish

and Wildlife Service 2007). Thus, they have likely been

extirpated from many suitable areas. Furthermore, due to

their rarity, they are difficult to capture during the sum-

mer and thus, many colonies have likely not been identi-

fied. For example, maternity colonies were only recently

discovered in the southern Appalachians (Britzke et al.

2003) and approximately 54% of all known colonies have

been found within the past 15 years (U.S. Fish and Wild-

life Service 2007). However, our models provide guidance

on areas that are likely to contain maternity colonies both

currently and in the future if suitable habitat exists.

Our model suggests that once average summer maxi-

mum temperatures reach 27.4ºC, the climatic suitability

of an area for Indiana bat maternity colonies declines,

A1B CSIRO A1B MIROC B2 CSIRO B2 HADLEY

20
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51

-6
0

0.11

7.36

Figure 4. Forecasted increase in average maximum daily temperature from May through August (ºC) from recent levels (1971–1999) for four

climate scenario/GCM combinations and four time periods.

Table 2. Percent of eastern United States that is forecasted to be

suitable for Indiana bat maternity colonies, percent of the current cli-

matically suitable area, and percent overlap between current and fore-

casted suitable area under four climate scenario/GCM combinations.

Climate

forecast Years % Suitable

% of Current

suitable

% Overlap

with current

suitable

A1B CSIRO 2021–2030 5.4 20.0 74.9

2031–2040 15.8 58.9 75.4

2041–2050 33.5 125.1 56.9

2051–2060 9.8 36.6 28.7

A1B MIROC 2021–2030 11.9 44.6 45.3

2031–2040 5.5 20.5 49.5

2041–2050 6.1 22.7 39.8

2051–2060 4.5 17.0 45.5

B2 CSIRO 2021–2030 6.5 24.3 53.1

2031–2040 2.2 8.3 32.0

2041–2050 3.3 12.4 37.0

2051–2060 3.4 12.8 34.2

B2 Hadley 2021–2030 10.7 40.1 70.8

2031–2040 4.1 15.3 60.9

2041–2050 14.1 52.8 43.9

2051–2060 5.5 20.7 54.8
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Figure 5. Forecasted climatically suitable areas (red) for Indiana bat maternity colonies under four climate scenario/GCM combinations and four

time periods.
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Figure 6. Forecasted losses (dark blue) and gains (red) in climatically suitable habitat for Indiana bat maternity colonies under four climate

scenario/GCM combinations and four time periods.

ª 2012 The Authors. Published by Blackwell Publishing Ltd. 109

S.C. Loeb & E.A. Winters Indiana Bat Summer Maternity Range



and once AvgTmax reaches 29.9ºC, the area becomes

completely unsuitable. There are few data on the response

of Indiana bats to high temperatures, but one study has

shown that little brown bats are better able to regulate

their body temperatures at temperatures >35ºC than

Indiana bats, which often succumb to the heat (Henshaw

and Folk 1966). However, female Indiana bats in natural

roosts in Michigan had body temperatures >35ºC on at

least 1 day during the summer and several bats allowed

their body temperature to exceed 35ºC on several days

with one bat reaching 40.3ºC (Kurta et al. 1996). Thus, the

response of Indiana bats to high temperatures needs fur-

ther study, particularly in light of the results of this study.

Most studies that have examined roost-site selection at

the microhabitat scale have found that Indiana bat mater-

nity colonies select trees with greater solar exposure than

random trees, likely so that they can use passive warming,

particularly during pregnancy and lactation (Humphrey

et al. 1977; Callahan et al. 1997; Britzke et al. 2003; Car-

ter and Feldhamer 2005). However, selection of roosts

with high solar exposure is not a universal pattern. For

example, Gardner et al. (1991) found that Indiana bats in

southern Illinois select roost trees in the shade and sug-

gested that roosts in the sun would exceed the lethal tem-

perature of Indiana bats. The Gardner et al. study is of

particular note because it was conducted in the part of

the current range that is forecasted to become unsuitable

in all future climate scenarios. In the near future, Indiana

bats may use local site selection (e.g., select trees under

dense canopy) to mediate the effects of warming tempera-

tures before abandoning an area. This may also be the

case for other bat species in the eastern United States,

which currently select roosts with high solar exposure

such as evening bats (Nyctieus humeralis) and red bats

(L. borealis, Boyles and Aubrey 2006; Perry et al. 2007).

Thus, we encourage future research that examines roost-

site selection and behavior of Indiana bat maternity colo-

nies and other species in response to high temperatures

as well as to low temperatures, particularly in those areas

that are expected to experience larger increases in temper-

ature over the next several decades. These studies will

provide the data necessary to develop predictive models

of bat responses to climate change as opposed to our

forecasted models (Berteaux et al. 2006).

May precipitation also contributed to the model defin-

ing climatically suitable areas for Indiana bat maternity

colonies. The probability of an area being suitable

increased with increasing May precipitation. Increased

precipitation in the Pacific Northwest of Canada is associ-

ated with decreased reproductive success of several Myotis

spp. (Grindal et al. 1992; Burles et al. 2009), which may

be due in part to the cool temperatures that accompany

these rainy periods. In contrast, adult survival of little

brown bats in the northeastern United States is positively

related to precipitation during the active period (April–
October; Frick et al. 2010) and reproductive success of six

species of bats in Colorado declines in years of low pre-

cipitation (Adams 2010). Impacts of low precipitation

may be due to decreased insect availability or inability to

meet water needs during lactation (Adams and Hayes

2008). There are currently no data available on the rela-

tionship between Indiana bat demographic parameters

and precipitation. However, Indiana bat maternity colo-

nies in the Midwest and northeastern United States often

select roosts close to water (Carter et al. 2002; Kurta et al.

2002; Watrous et al. 2006), presumably to reduce the

flight costs to obtain water and food.

Our models forecasted a decrease in the amount of

suitable maternity habitat based on climate factors for

almost all scenarios and time periods. In particular, the

western portion of the range (Missouri, Iowa, Illinois,

Kentucky, Indiana, and Ohio), which is currently consid-

ered the heart of the Indiana bat maternity range (U.S.

Fish and Wildlife Service 2007), is forecasted to become

climatically unsuitable. In general, species ranges in the

northern hemisphere are predicted to move northward or

up in elevation in response to climate change (Parmesan

2006; Lawler et al. 2009). Although small areas in Michi-

gan or Wisconsin were forecasted to be climatically suit-

able under some scenarios and time periods, the shift in

forecasted suitable area was primarily eastward. This was

likely due to a greater forecasted increase in AvgTmax in

the western portion of the study area, even in northern

areas such as Minnesota, Wisconsin, and Michigan

(Fig. 4). This area was also forecasted to experience a

decrease in May precipitation for many scenarios (Fig.

S1). In contrast, the northeastern United States is fore-

casted to experience mild increases in AvgTmax. Thus, in

some scenarios, the amount of suitable areas in the north-

eastern United States increases compared with current cli-

matically suitable areas. The southern Appalachian

Mountains were also forecasted to remain suitable under

most scenarios due to mild increases in Tmax and

increases in May precipitation. Because the Appalachian

Mountains are topographically complex (e.g., different

slopes, aspects, and landforms), they may also provide

more areas that can serve as micro-refugia.

Few studies have modeled the distribution of bats in

response to climate change. Rebelo et al. (2010) used sim-

ilar techniques to ours to forecast species richness of

European bats under four climate scenarios and found

that, due to potential northward movements of spe-

cies, there will likely be a change in distributions and a

decline in the area occupied by bats, particularly for

species in the Boreal Zone. They found that the more

environmentally driven B1 and B2 scenarios resulted in
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fewer range contractions and fewer losses. In contrast,

suitable climatic areas for Indiana bats under both the

B2-CSIRO and B2-Hadley forecasts were generally lower

than under the A1B-CSIRO forecasts and similar to the

A1B-MIROC forecasts. Furthermore, our models did not

forecast a steady decline in suitable area over time. In

fact, under the A1B-CSIRO scenario, the suitable climatic

area was forecasted to increase from 2031 to 2050 after a

decline in the 2021–2030 period, and be greater than the

current distribution during the 2041–2050 period. This is

because AvgTmax was forecasted to decline slightly during

2031–2050 while May precipitation was forecasted to

increase. Thus, it is important to consider the temporal

patterns of climate change as well as their spatial patterns

and not assume climate variables will increase or decrease

linearly through time. Furthermore, when range shifts are

observed, it is important to demonstrate that these range

shifts correspond to changes in temperature and/or precip-

itation before a climate change argument is invoked. For

example, although the distribution of the black flying fox

(Pteropus alecto) in Australia has extended south over the

past century, the rate of range extension far exceeds the

rate of isotherm change and the species moved into colder

areas than it had previously occupied (Roberts et al. 2012).

Furthermore, the northward expansion of tri-colored bats

(Perimyotis subflavus) is likely due to increased availability

of hibernacula in Michigan due to anthropogenic changes

and not climate change (Kurta et al. 2007).

Our models only considered climatic variables and did

not include land cover or land form. Approximately, 1.8–
6.5 million ha of non-federal forested land are predicted

to be lost between 2010 and 2060 in the eastern United

States (USDA Forest Service 2012). Thus, some areas that

were forecasted to be suitable based on climatic variables

may not be suitable due to lack of suitable roost habitat.

However, Indiana bat maternity colonies are found in a

wide variety of habitats including densely forested areas

such as the southern Appalachians (Britzke et al. 2003),

forested wetlands (Carter and Feldhamer 2005), agricul-

turally dominated areas (Humphrey et al. 1977; Callahan

et al. 1997), and fragmented areas consisting of forested

woodlands, agriculture, and urban and suburban areas

(Belwood 2002; Sparks et al. 2005; Britzke et al. 2006;

Watrous et al. 2006). Populations of Indiana bats were

steady or increasing in the Midwest, Northeast, and

Appalachian regions just prior to the appearance of WNS

(Langwig et al. 2012; Thogmartin et al. 2012) despite

increasing development and forest fragmentation in these

areas, suggesting that the effects of forest loss may not be

as severe for this species as it is for others (e.g., Hender-

son et al. 2008; Farrow and Broders 2011). However,

forest fragmentation may be an important factor because

Indiana bats do not fly over large open areas and restrict

their foraging movements to tree lines and fence rows in

fragmented areas (Murray and Kurta 2004).

It is not clear how Indiana bat maternity colonies will

respond behaviorally to the change in climatically suitable

habitats. Females show high multi-annual fidelity to roost

areas and may migrate up to 575 km, often from different

hibernacula, to reach these colonies (Kurta and Murray

2002; Winhold and Kurta 2006). Thus, initial shifts may

occur at the microhabitat scale with females selecting

roosts in more shaded areas than currently observed in

many areas. Furthermore, disturbed areas such as gaps or

those with low canopy cover may no longer be preferred.

Larger scale range shifts may take more time and locating

more climatically suitable areas may result in the tempo-

rary or long-term disruption of the colony structure. Cli-

mate change will likely also affect the distribution of

suitable hibernacula (Humphries et al. 2002). Thus, find-

ing suitable maternity sites may be a function of finding

new hibernacula, and summer and winter range shifts

may occur concurrently.

Our study suggests that maternity colonies in the

western portion of the range will begin to decline and

possibly disappear in the next 10–20 years. Managers

must be cognizant of the potential changes in summer

distributions due to climate change and not assume that

declines are due to habitat loss or degradation. Colonies

should be monitored closely to determine their fate and

data should be collected on both changes in habitat in

the surrounding area and changes in AvgTmax and

precipitation. Results of this monitoring will provide

important information on impacts of climate change on

Indiana bats and will help predict changes in distribution

beyond the next 20 years. However, declines in Indiana

bat populations in the western portion of the range will

likely also occur due to WNS as they have in the north-

eastern United States (Langwig et al. 2012). Because the

northeastern United States and Appalachian Mountains

are forecasted to be the most climatically suitable areas,

they may serve as climatic refugia. If some colonies of

Indiana bats are able to survive WNS, these climatic

refugia will represent critical habitat for the species’

recovery. Thus, management actions which foster high

reproductive success and survival, such as providing large

diameter snags in a variety of habitat types, will be critical

for the conservation and recovery of the species (Menzel

et al. 2001; U.S. Fish and Wildlife Service 2007).

There is much uncertainty in species distributions

models such as the ones we developed for the Indiana

bat. These uncertainties include the climate model projec-

tions as well the quality and extent of the data that are

used to model current distributions (Wiens et al. 2009).

We tried to minimize this uncertainty by using a range of

future climate forecasts based on two emission scenarios
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coupled with several GCMs (Beaumont et al. 2008) and

restricting our forecasts to the next 50 years. However, all

of the models forecasted eventual declines in climatically

suitable area and significant changes in the distribution of

Indiana bat maternity range. Thus, the effects of climate

change should be considered in future threats analyses

and conservation strategies for the Indiana bat. Further-

more, managers and biologists cannot assume that

because Indiana bats are not currently present on their

landscape, they will not be there in the future. Thus, it is

necessary to continue to survey for this species through-

out its potential summer range, particularly in the north-

eastern United States and along the Appalachian chain.

Future studies of Indiana bat roost-site selection should

focus on behavioral and physiological responses to high

temperature as these studies will allow more precise pre-

dictions of Indiana bats’ responses to climate change.

Acknowledgments

We thank S. Gull-Laird for assistance with climate data

and R. F. Baldwin, J. G. Boyles, A. Kurta, and S. J. Zar-

noch for providing valuable comments on early drafts.

Conflict of Interest

None declared.

References

Adams, R. A. 2010. Bat reproduction declines when conditions

mimic climate change projections for western North

America. Ecology 91:2437–2445.

Adams, R. A., and M. A. Hayes. 2008. Water availability and

successful lactation by bats as related to climate change in

arid regions of western North America. J. Anim. Ecol.

77:1115–1121.

Adams-Hosking, C., H. S. Grantham, J. R. Rhodes,

C. McAlpine, and P. T. Moss. 2011. Modelling climate-

change-induced shifts in the distribution of the koala.

Wildlife Res. 38:122–130.

Beaumont, L. J., L. Hughes, and A. J. Pitman. 2008. Why is

the choice of future climate scenarios for species

distribution modelling important? Ecol. Lett. 11:1135–1146.

Belwood, J. J. 2002. Indiana bats in suburbia: observations and

concerns for the future. Pp. 193–198 in A. Kurta and

J. Kennedy, eds. The Indiana bat: biology and management

of an endangered species. Bat Conservation International,

Austin, TX.

Berteaux, D., and N. C. Stenseth. 2006. Measuring,

understanding and projecting the effects of large-scale

climatic variability on mammals. Climate Res. 32:95–97.

Berteaux, D., M. M. Humphries, C. J. Krebs, M. Lima, A. G.

McAdam, N. Pettorelli, et al. 2006. Constraints to projecting

the effects of climate change on mammals. Climate Res.

32:151–158.

Bourne, S., and E. Hamilton-Smith. 2007. Miniopterus

schreibersii bassanii and climate change. Aust. Bat Soc.

Newsl. 28:67–69.

Boyles, J. G., and D. P. Aubrey. 2006. Managing forests with

prescribed fire: implications for a cavity-dwelling bat species.

For. Ecol. Manage. 222:108–115.

Boyles, J. G., F. Seebacher, B. Smit, and A. E. McKechnie.

2011. Adaptive thermoregulation in endotherms may

alter responses to climate change. Integr. Comp. Biol.

51:676–690.

Brack, V. Jr, C. W. Stihler, R. J. Reynolds, C. M. Butchkoski,

and C. S. Hobson. 2002. Effect of climate and elevation on

distribution and abundance in the mideastern United States.

Pp. 21–28 in A. Kurta and J. Kennedy, eds. The Indiana bat:

biology and management of an endangered species. Bat

Conservation International, Austin, TX.

Britzke, E. R., M. J. Harvey, and S. C. Loeb. 2003. Indiana bat,

Myotis sodalis, maternity roosts in the southern United

States. Southeast. Nat. 2:235–242.

Britzke, E. R., A. C. Hicks, S. L. Von Oettingen, and

S. R. Darling. 2006. Description of spring roost trees used

by female Indiana bats (Myotis sodalis) in the Lake

Champlain Valley of Vermont and New York. Am. Midl.

Nat. 155:181–187.

Burles, D. W., R. M. Brigham, R. A. Ring, and T. E.

Reimchen. 2009. Influence of weather on two insectivorous

bats in a temperate Pacific Northwest rainforest. Can. J.

Zool. 87:132–138.

Callahan, E. V., R. D. Drobney, and R. L. Clawson. 1997.

Selection of summer roosting sites by Indiana bats (Myotis

sodalis) in Missouri. J. Mammal. 78:818–825.

Carter, T. C., and G. A. Feldhamer. 2005. Roost tree use by

maternity colonies of Indiana bats and northern long-eared

bats in southern Illinois. For. Ecol. Manage. 219:259–268.

Carter, T. C., S. K. Carroll, J. E. Hofmann, J. E. Gardner, and

G. A. Feldhamer. 2002. Landscape analysis of roosting

habitat for the Indiana bat (Myotis sodalis) in Illinois. Pp.

160–164 in A. Kurta and J. Kennedy, eds. The Indiana bat:

biology and management of an endangered species. Bat

Conservation International, Austin, TX.

Currie, D. J. 2001. Projected effects of climate change on

patterns of vertebrate and tree species richness in the

conterminous United States. Ecosystems 4:216–225.

Elith, J., C. H. Graham, R. P. Anderson, M. Dudlik, S. Ferrier,

A. Guisan, et al. 2006. Novel methods improve prediction of

species’ distributions from occurrence data. Ecography

29:129–151.

Farrow, L. J., and H. G. Broders. 2011. Loss of forest cover

impacts the distribution of the forest-dwelling tri-colored

bat (Perimyotis subflavus). Mamm. Biol. 76:172–179.

Frick, W. F., D. S. Reynolds, and T. H. Kunz. 2010.

Influence of climate and reproductive timing on

112 ª 2012 The Authors. Published by Blackwell Publishing Ltd.

Indiana Bat Summer Maternity Range S.C. Loeb & E.A. Winters



demography of little brown myotis Myotis lucifugus. J.

Anim. Ecol. 79:128–136.

Gardner, J. E., and E. A. Cook. 2002. Seasonal and geographic

distribution and quantification of potential summer habitat.

Pp. 9–20 in A. Kurta and J. Kennedy, eds. The Indiana bat:

biology and management of an endangered species. Bat

Conservation International, Austin, TX.

Gardner, J. E., J. D. Garner, and J. E. Hofmann. 1991.

Summer roost selection and roosting behavior of Myotis

sodalis (Indiana bat) in Illinois. Illinois Natural History

Survey and Illinois Department of Conservation,

Champaign, IL.

Grindal, S. D., T. S. Collard, R. M. Brigham, and R. M. R.

Barclay. 1992. The influence of precipitation on

reproduction by Myotis bats in British Columbia. Am. Midl.

Nat. 128:339–344.

Harvey, M. J. 2002. Status and ecology of the Indiana bat

(Myotis sodalis) in the southern United States. Pp. 29–34

in A. Kurta and J. Kennedy eds. The Indiana bat: biology

and management of an endangered species. Bat

Conservation International, Austin, TX.

Hawkins, B. A., and M. Holyoak. 1998. Transcontinental

crashes of insect populations? Amer. Nat. 152:480–484.

Henderson, L. E., L. J. Farrow, and H. G. Broders. 2008.

Intra-specific effects of forest loss on the distribution of the

forest-dependent northern long-eared bat (Myotis

septentrionalis). Biol. Conserv. 141:1819–1828.

Henshaw, R. E., and G. E. Jr Folk. 1966. Relation of

thermoregulation to seasonally changing microclimate in

two species of bats (Myotis lucifugus and M. sodalis).

Physiol. Zool. 39:223–236.

Hughes, A. C., C. Satasook, P. J. J. Bates, and S. Bumrungsri.

2012. The projected effects of climatic and vegetation

changes on the distribution and diversity of Southeast Asian

bats. Glob. Change Biol. 18:1854–1865.

Humphrey, S. R., A. R. Richter, and J. B. Cope. 1977. Summer

habitat and ecology of the endangered Indiana bat, Myotis

sodalis. J. Mammal. 58:334–346.

Humphries, M. M., D. W. Thomas, and J. R. Speakman. 2002.

Climate-mediated energetic constraints on the distribution

of hibernating mammals. Nature 418:313–316.

Huntley, B., Y. C. Collingham, S. G. Willis, and R. E. Green.

2008. Potential impacts of climatic change on European

breeding birds. PLoS ONE 3:e:1439.

IPCC, editor. 2007. Summary for policymakers. Cambridge

University Press, Cambridge, UK.

Jones, G., D. S. Jacobs, T. H. Kunz, M. R. Willig, and

P. A. Racey. 2009. Carpe noctem: the importance of bats as

bioindicators. Endang. Spec. Res. 8:93–115.

Kalcounis-Rueppell, M. C., M. M. Vonhof, C. Thawley, and

J. R. Rissler. 2012. Modelling current and future potential

for peripheral populations of south-eastern bats to mitigate

effects of White Nose Syndrome in core populations. 17th

Annual Meeting of the SBDN and 22nd Colloquium on

Conservation of Mammals in the Southeastern US.

Louisville, MS.

Kurta, A. 2005. Roosting ecology and behavior of Indiana bats

(Myotis sodalis) in summer. Pp. 29–42 in K. C. Vories and

A. Harrington, eds. The Indiana bat and coal mining: a

technical interative forum. U.S. Department of Interior,

Office of Surface Mining, Alton, Illinois.

Kurta, A., and S. W. Murray. 2002. Philopatry and migration

of banded Indiana bats (Myotis sodalis) and effects of radio

transmitters. J. Mammal. 83:585–589.

Kurta, A., G. P. Bell, K. A. Nagy, and T. H. Kunz. 1989. Water

balance of free-ranging little brown bats (Myotis lucifugus)

during pregnancy and lactation. Can. J. Zool. 67:2468–2472.

Kurta, A., T. H. Kunz, and K. A. Nagy. 1990. Energetics and

water flux of free-ranging big brown bats (Eptesicus fuscus)

during pregnancy and lactation. J. Mammal. 71:59–65.

Kurta, A., D. King, J. A. Teramino, J. M. Stribley, and

K. J. Williams. 1993. Summer roosts of the endangered

Indiana bat (Myotis sodalis) on the northern edge of its

range. Am. Midl. Nat. 129:132–138.

Kurta, A., K. J. Williams, and R. Mies. 1996. Ecological

behavioural, and thermal observations of a peripheral

population of Indiana bats (Myotis sodalis). Pp. 102–117

in R. M. R. Barclay, R. M. Brigham, eds. Bats and forests

symposium. Canada Research Branch, B. C. Ministry of

Forestry, Victoria, B. C.

Kurta, A., S. W. Murray, and D. H. Miller. 2002. Roost

selection and movements across the summer landscape. Pp.

118–129 in A. Kurta and J. Kennedy, eds. The Indiana bat:

biology and management of an endangered species. Bat

Conservation International, Austin, TX.

Kurta, A., L. Winhold, J. O. Jr Whitaker, and R. Foster. 2007.

Range expansion and changing abundance of the eastern

pipistrelle (Chiroptera: Vespertilionidae) in the central Great

Lakes Region. Am. Midl. Nat. 157:404–411.

Langwig, K. E., W. F. Frick, J. T. Bried, A. C. Hicks,

T. H. Kunz, and A. M. Kilpatrick. 2012. Sociality, density-

dependence and microclimates determine the persistence of

populations suffering from a novel fungal disease, white-

nose syndrome. Ecol. Lett. 15:1050–1057.

Lawler, J. J., S. L. Shafer, D. White, P. Kareiva, E. P. Maurer,

A. R. Blaustein, et al. 2009. Projected climate-induced faunal

change in the Western Hemisphere. Ecology 90:588–597.

Lee, D. S., and C. Marsh. 1978. Range expansion of the

Brazilian free-tailed bat in North Carolina. Am. Midl. Nat.

100:240–241.

Lorch, J. M., C. U. Meteyer, M. J. Behr, J. G. Boyles, P. M.

Cryan, A. C. Hicks, et al. 2011. Experimental infection of

bats with Geomyces destructans causes white-nose syndrome.

Nature 480:376–378.

Malcolm, J. R., C. Liu, R. P. Neilson, L. Hansen, and

L. Hannah. 2006. Global warming and extinction of

endemic species from biodiversity hotspots. Conserv. Biol.

20:538–548.

ª 2012 The Authors. Published by Blackwell Publishing Ltd. 113

S.C. Loeb & E.A. Winters Indiana Bat Summer Maternity Range



McCain, C. M., and R. K. Colwell. 2011. Assessing the threat

to montane biodiversity from discordant shifts in

temperature and precipitation in a changing climate. Ecol.

Lett. 14:1236–1245.

Menzel, M. A., J. M. Menzel, T. C. Carter, W. M. Ford, and

J. W. Edwards. 2001. Review of the forest habitat

relationships of the Indiana bat (Myotis sodalis). U.S.

Department of Agriculture, Forest Service, Northeastern

Research Station. Report NE-284.

Milanovich, J. R., W. E. Peterman, N. P. Nibbelink, and

J. C. Maerz. 2010. Projected loss of a salamander diversity

hotspot as a consequence of projected global climate change.

PLoS ONE 5:e12189.

Murray, S. W., and A. Kurta. 2004. Nocturnal activity of the

endangered Indiana bat (Myotis sodalis). J. Zool. (Lond.)

262:197–206.

Newson, S. E., S. Mendes, H. Q. P. Crick, N. K. Dulvy, J. D.

R. Houghton, G. C. Hays, et al. 2009. Indicators of the

impact of climate change on migratory species. Endang.

Spec. Res. 7:101–113.

Parmesan, C. 2006. Ecological and evolutionary responses to

recent climate change. Annu. Rev. Ecol. Syst. 37:637–669.

Pereira, H. M., P. W. Leadley, V. Proen a, R. Alkemade, J. P.

W. Scharlemann, J. F. Fernanadez-Manjarr�es, et al. 2010.

Scenarios for global biodiversity in the 21st century. Science

330:1496–1501.

Perry, R. W., R. E. Thill, and S. A. Carter. 2007. Sex-specific

roost selection by adult red bats in a diverse forested

landscape. For. Ecol. Manage. 253(48):55.

Phillips, S. J., and M. Dud�ık. 2008. Modeling of species

distributions with Maxent: new extensions and a

comprehensive evaluation. Ecography 31:161–175.

Phillips, S. J., R. P. Anderson, and R. E. Schapire. 2006.

Maximum entropy modeling of species geographic

distributions. Ecol. Model. 190:231–259.

Racey, P. A. 1982. Ecology of bat reproduction. Pp. 57–104 in T.

H. Kunz, ed. Ecology of bats. Plenum Press, New York, NY.

Racey, P. A., and S. M. Swift. 1981. Variation in gestation

length in a colony of pipistrelle bats (Pipistrellus pipistrellus)

from year to year. J. Reprod. Fertil. 61:123–129.

Raes, N., and H. ter Steege. 2007. A null-model for

significance testing of presence-only species distribution

models. Ecography 30:727–736.

Rebelo, H., P. Tarroso, and G. Jones. 2010. Predicted impact

of climate change on European bats in relation to their

biogeographic patterns. Glob. Change Biol. 16:561–576.

Roberts, B. J., C. P. Catterall, P. Eby, and J. Kanowski. 2012.

Latitudinal range shifts in Australian flying-foxes: a re-

evaluation. Austral Ecol. 37:12–22.

Sachanowicz, K., A. Wower, and A.-T. Bashta. 2006.

Further range extension of Pipistrellus kuhlii (Kuhl, 1817) in

central and eastern Europe. Acta Chiropterologica 8:543–548.

Sparks, D. W., C. M. Ritzi, J. E. Duchamp, and J. O. Jr

Whitaker. 2005. Foraging habitat of the Indiana bat

(Myotis sodalis) at an urban-rural interface. J. Mammal.

86:713–718.

Thogmartin, W. E., A. King, P. C. McKann, J. A. Szymanski,

and L. Pruitt. 2012. Population-level impact of white-nose

syndrome on the endangered Indiana bat. J. Mammal.

93:1086–1098.

Thomas, C. D., A. Cameron, R. E. Green, M. Bakkenes,

L. J. Beaumont, Y. C. Collingham, et al. 2004. Extinction

risk from climate change. Nature 427:145–148.

Timpone, J. C., J. G. Boyles, K. L. Murray, D. P. Aubrey, and

L. W. Robbins. 2010. Overlap in roosting habits of Indiana

bats (Myotis sodalis) and northern bats (Myotis

septentrionalis). Am. Midl. Nat. 163:115–123.

Turner, G. G., D. M. Reeder, and J. T. H. Coleman. 2011. A

five-year assessment of mortality and geographic spread of

White-nose Syndrome in North American bats and a look

to the future. Bat Res. News 52:13–27.

U.S. Fish and Wildlife Service. 2007. Indiana bat (Myotis

sodalis) draft recovery plan: first revision. U.S. Fish and

Wildlife Service, Fort Snelling, MN, 258 pp.

USDA Forest Service. 2012. Future scenarios: a technical

document supporting the Forest Service RPA Assessment.

Gen. Tech. Rep. RMRS-GTR-272, Rocky Mountain Research

Station, Fort Collins, CO, 34 pp.

Warnecke, L., J. M. Turner, T. K. Bollinger, J. M. Lorch,

V. Misra, P. M. Cryan, et al. 2012. Inoculation of bats with

European Geomyces destructans supports the novel pathogen

hypothesis for the origin of white-nose syndrome.

Proceedings National Academy of Science.

Warren, D. L., R. E. Glor, and M. Turelli. 2010. ENMTools: a

toolbox for comparative studies of environmental niche

models. Ecography 33:607–611.

Watrous, K. S., T. M. Donovan, R. M. Mickey, S. R. Darling,

A. C. Hicks, and S. L. von Oettingen. 2006. Predicting

minimum habitat characteristics for the Indiana bat in the

Champlain Valley. J. Wildl. Manage. 70:1228–1237.

Wiens, J. A., D. Stralberg, D. Jongsomjit, C. A. Howell, and

M. A. Snyder. 2009. Niches, models, and climate change:

assessing the assumptions and uncertainies. Proc. Natl Acad.

Sci. 106:19729–19736.

Wilhide, J. D., B. Baker, and D. A. Saugey. 1998. Arkansas

range extension of the Seminole bat (Lasiurus seminolus). J.

Ark. Acad. Sci. 52:140–141.

Winhold, L., and A. Kurta. 2006. Aspects of migration by the

endangered Indiana bat, Myotis sodalis. Bat Res. News 47:1–6.

Supporting Information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web site:

Figure S1. Forecasted change in May precipitation (mm)

from recent levels (1971–1999) for four climate scenario/

GCM combinations and four time periods.
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