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Abstract—Bats should benefit from recognition of their roost-mates when
colonies form stable social units that persist over time. We used Y-maze ex-
periments and gas chromatography—olfactometry (GC-O) to evaluate whether
female big brown bat&ptesicus fuscu€hiroptera: Vespertilionidae) use chem-
ical cues to distinguish among conspecifics. In dual-choice Y-maze experiments,
females chose the scent of another female from their own roost over a conspecific
female from a different roost in a majority of trials. Analysis of total body odors
using GC-O suggests that individuals from a given colony may share a more
common odor signature with roost-mates than with non-roost-mate conspecifics.
Using four principle components derived from 15 odor variables, discriminant
function analysis correctly assigned most individuals to the correct colony.

Key Words—Big brown bat, Chiroptera, colony recognitideptesicus fuscus
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INTRODUCTION

Chemicals potentially provide discrete information about an animal’s physical
and social environment (Albone, 1984; Dusenbery, 1992). Olfactory cues may
function at the individual and species level for the detection of predators and prey,
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for advertisement of social and reproductive status, as territorial markers, and for
kin-recognition (e.g., Eisenberg and Kleiman, 1972; Halpin, 1986; Loughry and
McCracken, 1991; dhen, 1994; Ferkin and Johnston, 1995).

Because many bats are highly gregarious and form stable social units (Kunz,
1982; McCracken and Wilkinson, 2000), olfactory cues may convey important in-
formation about individual or group identity (Bloss, 1999). Olfaction is important
in mother—infant recognition ifadarida brasiliensigGustin and McCracken,
1987; Loughry and McCracken, 199B]ecotus auritugDe Fanis and Jones,
1995a), andPipistrellus pipistrellugDe Fanis and Jones, 1996). Harem-males in
Phyllostomus discolorespond to odors from other malesll¢t and Schmidt,
1993), andNoctilio leporinus(Brooke and Decker, 1993, 199®)ipistrellus pip-
istrellus(De Fanis and Jones, 1995Mops condylurusandChaerephon pumilus
(Bouchard, 1998) appear to use olfactory cues to recognize roost-mates.

Recent advances in the genomics of the olfactory receptor protein (OR) have
revealed a large homology among mammals (Glusman et al., 2001). Given the
structural and biochemical similarities in the olfactory systems of animals as di-
verse as humans and insects (Acree and Bloss, 1996), and the number of odors
perceived by humans that induce biological activity in other organisms (Acree
and Bloss, 1996), human olfaction potentially offers a valuable tool for investi-
gating the ecology of animals that rely on chemical cues. Because humans share
the same transduction system with other mammals and are likely to detect similar
odors, chemicals detected by humans should include volatiles that are biologically
important to both.

Olfactory-induced behavior in mammals is elicited when mixtures of chem-
icals reach the olfactory epithelium (Dusenbury, 1992). The present model for
humans is that all chemicals in mixtures that contribute to behavior cause some
perception when experienced separately (Lawless and Heymann, 1999). Although
many of the chemicals detected by humans do not influence the behavior of
animals, chemicals that do affect their behavior are likely to be among those
detected by humans. Using gas chromatography—olfactometry (GC-O), humans
can be asked about perceptions of chemicals derived from animals, although
perceptions of animals cannot be measured directly without employing invasive
procedures.

This study was designed to use behavioral assays to evaluate whether fe-
male big brown batsHptesicus fusc)srespond to the odors from colony-
mates over non-roostmate conspecifics. If females respond to olfactory cues
from colony members, we predicted that these individuals should respond to
the odors to which they are most familiar. We used GC-O to test for colony-
specific odors. GC to separates overall body odor into its component chemicals
and employes human olfaction to identify volatiles with possible odor-induced
activity.
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METHODS AND MATERIALS

The big brown batEptesicus fuscu@Pallisot de Beauvois, 1796) is one of
the most common and widely distributed bat species in North America (Kurta and
Baker, 1990). Females form relatively stable maternity colonies that reestablish
annually following hibernation and generally persist throughout the warm months.
Maternity colonies are comprised primarily of females and their young and vary in
size from a few dozen to several hundred individuals. Males are generally solitary
and roost separate from females. In eastern North America, females usually roost
in buildings and give birth to twins in mid-June. In western North America, females
more commonly roost in tree cavities and give birth to singletons (Kurta, 1999).

Maternity colonies were located in southern New Hampshire (Milford) and
central and eastern Massachusetts (Sherborn, Harvard, Sterling) and sampled dur-
ing June and July from 1996 to 1998. Banding records were used to assess roost
fidelity during the three-year study. Colonies were located in barns and consisted of
approximately 30—75 adult females and their pups. Adult females were captured
using either a hand net or harp trap (Kunz and Kurta, 1988) as individuals returned
from their predawn foraging bouts between 04:00 and 07:00 hr. Nonvolant young
were captured by hand from the maternity roost. Body mass and length of forearm
were measured for each bat, and a numbered, lipped alloy band (Lambournes, Ltd.,
Leominster, England) was attached to the forearm of each bat for identification.
Males were banded on the right forearm and females were banded on the left.

Odor samples were collected from several adult females from five different
maternity roosts. Upon capture, a sterile cotton swab was rubbed 10 times over
the head, chin, chest, genital area, and wings of individual females to collect odor
samples. Swabs were placed in 3.5-ml amber septum vials with Teflon-lined screw
caps. The tips of all swabs were bathed in 2 ml of ethyl acetate to prevent odor
degradation. Four blank swabs (no odor) were treated in the same manner and
used in the chemical analysis to verify that all odors were from the individual bats
and not from the cotton swabs. All vials were concentrated to a volume of 0.2 ml
before analysis.

We conducted behavioral tests to evaluate whether a female preferred the odor
from a member of her own colony to that of a conspecific from a different colony.
In a Plexiglas Y-maze (36.5-cm-long base with 316- x 6-cm arms; Figure 1),
the odor swab from a colony member was placed in one arm and a swab from
a noncolony member was placed in the other arm. A coin toss determined swab
placement. Females to be tested were introduced individually into the base of the
Y-maze, and the amount of time that each subject spent in each arm of the maze
was recorded during a 5-min trial. Because only the odor swabs were presented
to the females, their preferences could not be based on auditory or visual cues.
Females were never tested with their own scent or tested more than twice. Between
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Fic. 1. Schematic diagram of the Plexiglas Y-maze used in behavioral assays to test re-
sponses of adult femalgptesicus fuscus the odors of conspecifics collected from different
colonies. Metal screens at each end of the Y-maze facilitated airflow through the maze.

trials, the maze was washed with ethyl alcohol to remove potentially confounding
odors from previous trials.

Results of the behavioral assays were analyzed using a one-tailed binomial
test (Zar, 1984; see Loughry and McCracken, 1991). When the difference in time
spent in each arm of the maze was less than 30 sec, or the female did not move
from the third arm of the maze, the choice was treated as a tie and excluded from
subsequent analysis (Loughry and McCracken, 1991).

Each odor sample was analyzed using gas chromatography—olfactometry
(GC-0) (Acree, 1997). With GC-0O, gas chromatography was used to separate
the components of a chemical mixture before being diluted in the humidified air
of an olfactometer and blown into the face of a human detector or “sniffer.” The
sniffer assigned a descriptor to the perceived odor and recorded a chromatographic
retention time. With the exception of a few diastereoisomers, the retention time
is distinctive for each chemical. Because the odor of most chemicals is unique,
when two chemicals share the same odor as well as the same retention time, they
are assumed to be the same (Acree, 1997). This made it possible for us to com-
pare the presence or absence of like chemicals across samples. GC-O involves
little sample preparation time and is often more sensitive than standard methods
of chemical detection such as gas chromatography—mass spectometry (GC-MS)
(Pollien et al., 1999). Because a human sniffer was used, only chemicals that
have odors sensed by humans were detected using GC-O. Thus, a large group
of odorless chemicals was ignored, simplifying analysis and comparison across
samples.

All samples were analyzed using a GC-O system designed by DATU, Inc.
(Geneva, New York). One of us (J.M.B) served as the sniffer, so that descriptors
assigned to each odor could be consistent across all samples. Each sample was
analyzed by GC-O in duplicate, and only those responses that occurred in both runs
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were used for making colony comparisons. Samples were coded so that colony
affiliation was unknown at the time of analysis.

Samples were injected (splitless mode) on a 0.25-mnh®-m OV-101 (HP1)
column held at 3%C for 5 min and then programmed &t@min to 225C in a
HP 5890 modified by DATU, Inc. The effluent was sniffed in a 5-liter/min air flow
at approximately 75% relative humidity, and all responses were standardized in
Kovats retention indices using;€C,s normal parafins (Acree, 1997).

The presence and character of each odor was recorded as the mean reten-
tion index for the response with a single descriptor. Fifteen odors were detected
and measured for each sample. In addition, the duration of odor detection was
recorded by the sniffer and used as a semiquantitative measure for each odor. The
duration of time that a sniffer detects an odor corresponds to the range of reten-
tion indices (peak width) over which a odor is eluted. This peak width is roughly
associated with the amount of the chemical that produced the odor in the sample.
Factors that may have biased these measurements include: (1) overestimation of
the most polar odor caused by peak broadening on methyl silicon, (2) differences
in the odor thresholds of bats and humans, and (3) selective loss of volatiles in the
sampling procedure. Nevertheless, using presence or absence, an odor description
and a semiquantitative measure of the amount of odor were recorded for each of
15 chemicals.

Principle component analysis was first used to collapse the 15 odor variables,
followed by discriminant function analysis of the first four principle components.
Cross-validation was used to estimate error rates and to control for the potential
bias associated with using the same set of observations to classify as well as to
generate the discriminant function (Johnson and Wichern, 1992). Principle com-
ponent analysis and discriminant function analysis were conducted using the SAS
statistical package (SAS Institute Inc., 1990).

The average retention index and odor descriptor for each of the 15 chemicals
analyzed in this study were then compared to published OV-101 retention in-
dices and descriptors for known compounds found on the Flavornet database (Acree
and Arn, 1997). When the retention index and descriptor were identical or simi-
lar, a possible odor match was indicated. A literature search for these chemicals
was conducted to determine if there was published evidence that would suggest
biological activity in other systems.

RESULTS

Female big brown batsEfptesicus fusclsselected one arm of the Y-maze
(difference in time spent between arm80 sec) during 127 trials using 117 dif-
ferent individuals. Individual females spent more time in the arm of the maze that
contained the odor from their own colony-mate in a majority (7o 98) of
trials (one-tailed binomial tesP < 0.001).
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Our banding records indicate that many adult females and female young-of-
the-year return each summer to the same maternity roost. Of 108 adult females
banded in 1996, 70 were recaptured as adults at the same colony in 1997 and,
among these, 34 were recaptured in 1998. Twenty-two of the 182 female pups
banded in 1996 returned to their natal colony as adults in 1997. Among these
22 females, 17 females showed signs of lactation. The following year, 10 of these
females were recaptured and showed signs of lactation or postlactation. Fourteen
of the 230 female pups banded in 1997 were recaptured as adults in 1998, and 10
were reproductively active. Only four pups were recaptured at a colony other than
the colony of initial capture. Two were individuals who moved from the Milford A
to Milford B roost. The other two were adult females banded at Harvard in 1996.
One was captured at Milford A, and the other was captured in Milford B in 1997.
Switching between roosts was extremely rare, and those recorded may represent
errors in the recording of band numbers.

Because the extracts of swabs that contained odor samples were well below
the sensitivity of GC-MS, we used human GC-O to detect and semiquantify these
odors. The presence and quantity of 15 odors from 20 individual samples were
used in principle component analysis. Chromatograms were generated for each
sample and indicated the presence and quantity (duration of elution time/peak
width) for odors shared among individuals. For example, one female from the
Harvard colony and another from the Sterling colony shared seven common odors
that differed in quantity (Figure 2). None of the four control swabs indicated a
detectable odor when analyzed using GC-O. The first four principle components
accounted for 67.9% of the variation and were subsequently used in discriminant
function analysis (Table 1). Examination of character loadings for the first four
principle components revealed that the first principle component was most heavily
loaded with the peak widths of the chemicals eluting at retention times 848 and
1007. The second principle component was most heavily loaded with the chemical
atretentiontime 1187 and most negatively associated with the odor emitted at 1302.
Odors detected at 1076 and 1149 both loaded most strongly on the third principle
component, and those detected at 772 and 1145 loaded most heavily on the fourth

TABLE 1. PRINCIPAL COMPONENTANALYSIS OF VOLATILE ODORS INE. fuscud

Component Eigenvalue Difference Proportion Cumulative variation
Prin 1 3.21536 0.329315 0.214357 0.21436
Prin 2 2.88604 0.643554 0.192403 0.40676
Prin 3 2.24249 0.402898 0.149499 0.55626
Prin 4 1.83959 0.557045 0.122639 0.67890

a Measurements of 15 volatile odors from fem@fgesicus fuscusere collapsed to four principle
components. The first four principle components describe 67.9% of the variation and were used
in discriminant function analysis.
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Fic. 2. GC-O chromatograms from two adult fem&tesicus fuscusollected from two
different maternity colonies in central Massachusetts. These two females shared seven
common chemicals (as determined by retention time and descriptions of odors) and quantity
(peak width). Letters refer to variables listed in Table 2.

principle component (Table 2). While individuals varied in the relative contribution
of each odor component (Figure 2), principle component analysis clearly revealed
a separation of odor signature by colony (Figure 3).

Using the first four principle components, discriminant function analysis with
cross-validation correctly classified 100% of the bats analyzed from Sherborn
(N = 6), Harvard N = 4), Milford A (N = 3), and Milford B (N = 3). For the
Sterling colony = 4), two individuals were incorrectly classified as belonging
to the Milford A colony.

From similarities in odor descriptors and OV-101 retention indices, likely
chemical matches were found for 14 of the 15 odors used in the colony analy-
sis. A literature search of these compounds shows that many of the chemicals
identified as being potential matches were important in other biological systems
(Table 3).
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TABLE 2. RETENTION TIMES, DESCRIPTORSAND PCA LOADINGS FOR THE
15 VARIABLES?

Component loadings

Variable Retention time Descriptor Prin 1 Prin 2 Prin 3 Prin 4
A 772 Fruity 0.2136 —0.2632 0.0982 —0.4592
B 788 Sweet —0.2365 —0.2106 —0.3235 0.0664
C 848 Musty 0.4586  0.2158 0.0577 —0.8761
D 870 Sweet/Plastic 0.2603 —0.1714 0.2758 -0.1721
E 884 Musty 0.2457 —0.1505 —0.0369 0.3529
F 896 Corn Meal —0.2775 0.0870 0.1954 0.1029
G 949 Musty/Plastic 0.2096 0.0906 0.1698 0.2319
H 960 Eggplant 0.2690 0.2090 0.1629 0.3615
| 1007 Musty 0.4170 —0.0484 0.0900 0.2673
J 1049 Burning —0.3587 0.2396 0.2781 0.2739
K 1076 Maple 0.0626 0.3243 —0.5374 —0.0478
L 1187 Fruity —0.1191 -0.5144 -0.1803 0.1395
M 1145 Burning 0.0349 0.0759 0.2376 —0.4938
N 1149 Plastic 0.0507 0.3192 —0.5415 —-0.0670
o 1302 Urine 0.2055 0.4692 0.2420 —0.1063

2The 15 variables were used in the principle component analysis of odors detected ingptealeus
fuscus The variables that load most heavily on the first four principle components are underlined.
The first principle component is most heavily loaded for variables C and I; the second principle
component for variables L and O; the third for K and N and the fourth for A and M.

DISCUSSION

It has become increasingly evident that olfactory cues are used by bats to
identify individual colony members (Schmidt, 1988; Brooke and Decker, 1993),
as territorial markers (bller and Schmidt, 1993; Haffner, 1995; French and Lollar,
1998), and in mother—infant recognition (e.g., Watkins and Shump, 1981; Gustin
and McCracken, 1987; Esser and Schmidt, 1989; De Fanis and Jones, 1995a; see
Bloss, 1999 for a review). Olfactory cues may also be used by bats to complement
auditory cues associated with mother—infant recognition (e.g., Thomson et al.,
1985; Balcombe, 1990; Jones et al., 1991; Balcombe and McCracken, 1992; De
Fanis and Jones, 1996).

This study provides the first evidence that female big brown bats, recognize
the scent from members of their own colony. De Fanis and Jones (1995b) found
similar results in the common pipistrellgipistrellus pipistrellusAs in the study
of De Fanis and Jones (1995b), we were not able to determine whether bats re-
sponded to the odor of familiar individuals or whether a group-distinct odor was
recognized. Notwithstanding, the similarity among odors produced by members
of the same colony oEptesicus fuscus supported by our chemical analysis.
Discriminant function analysis was successful in grouping odor signatures by
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FiG. 3. Principle component analysis of the overall body odor ferBgitesicus fuscus
was used to collapse 15 measured odor variables into four components (see Table 1). This
analysis reveals a separation of colonies by the first and second principle components.

the correct colony in a majority of cases, providing evidence for colony-specific
odor signatures.

If colony members share similar odor signatures with one another more than
they do with conspecifics from other colonies, the logical question becomes what
factors produce these similarities? The consistency of odors among colony mates
may be due to similarity in microbial cultures, shared food sources, identical
roosting substrate, genetic relatedness, or a combination of any or all of the above.

Odors may be derived from several sources. Secretions from specialized
glands, urine, or feces or by-products of microbial metabolism may all contribute
to the overall odor of an individual. For example, glandular pockets of the fish-
eating batNoctilio leporinus contain pungent odors (Brooke and Decker, 1993,
1996). When bacteria from these pockets have been cultured, the odors produced
were similar to those produced by the bats that were sampled (Studier and Lavoie,
1984). Thus, group-specific odors may reflect unique bacterial cultures shared
by grooming or roosting in proximity to members of the same colony (Dapson
et al., 1977; Studier and Lavoie, 1984). Members of the g&ipissicugpossess
well-developed facial and pararhinal glands (Quay, 1970), which may contribute
to odor production.



TABLE 3. POSSIBLE CHEMICALS ASSOCIATED WITH ODORS DETECTED FROM GC-O

ANALYSIS OF Eptesicus fuscis

RI Possible compound(s) Biological activity in other systems
772  Methyl-2-methylbutanoate ?
788 Ethyl butanoate Dung beetle attractant (Burger et al., 1995)
848 2-Methyl-1-butanol Sap beetle attractant (Nout and Bartelt, 1998; Bartelt and
Wicklow, 1999)
870 (E)-2-Hexene-1-ol Green capsid bug attractant (Groot et al., 1999); spined soldier
bug attractant (Sant’Ana et al., 1999)
884 Ethyl valerate ?
896 A2-Furfurylthiol or ACorn volatile (Buttery and Ling, 1998Fmousy aroma in
B2-acetyl-1-pyrroline wines (Herderich et al., 1995); maize volatile (Bredie et al.,
1998)
949 Heptanol ?
960 “6-Methyl-5-hepten-2-one® Volatile involved in attracting aphid-tending ants (Cordova-
or B1-octen-3-ol Yamauchi et al., 1998); ant pheromone (Do Nascimento et al.,
1998); aphid parasitoid attractant (Du et al., 1998); aphid
spacing chemical (Gonzales et al., 1999)ertebrate volatile
attractant to mosquitos (Takken, 1999) and ticks (Osterkamp
et al., 1999); green capsid bug attractant (Groot et al., 1999)

1007 Phenylacetaldehyde Sternal gland secretion in male koalas (Salamon and Davies,
1998); fall armyworm attractant (Meagher and Mitchell,
1998); floral scent attracting Lepidoptera (Omura et al.,
1999a,b) and Hymenoptera (Meagher and Mitchell, 1999)

1049 (E)-Ocimene \olatile released by damaged cotton plant (Rose et al., 1998) or
broad bean (Du et al., 1998) which attracts herbivore enemies

1076 2-Phenylethanol Sheep blowfly attractant to host odor (Park and Cork, 1999);
pineapple beetle (Zilkowski et al., 1999), house fly
(Chapman et al., 1998), twelve-spotted lady beetle and green
lacewing attractant (Zhu et al., 1999)

1087 Linalool \olatile released by damaged plants is an attractant for spined
soldier bugs (Sant’Ana et al., 1999); lavender compound
used in aromatherapy (Lis-Balchin and Hart, 1999); green
capsid bug attractant (Groot et al., 1999); volatile used by
Egyptian cotton leaf worm to decriminate between damaged
and undamaged plants (Jonsson and Anderson, 1999);
moth-pollinated flower volatile attractant to hawkmoths
(Raguso et al., 1996; Raguso and Light, 1998)

1145 Benzyl acetate Moth-pollinated flower volatile attractant to hawkmoths
(Raguso et al., 1996; Raguso and Light, 1998)

1149 ? ?

1292 O-Aminoacetophenone Component of Japanese weasel anal sac (Acree et al., 1990);

mountain beaver (Nolte et al., 1993) and bird repellent
(Clark, 1998)

@ The potential compounds were determined using the descriptors and OV-101 retention times listed
on the Flavornet (Acree and Arn, 1997). Many of these chemicals have been shown to be biologically
active odorants in other systems. The retention index (RI) refers to the average Rl used in this study
and corresponds to the retention times listed in Table 2. A question mark denotes that the Rl and
odor desciptors did not match any listed on the Flavornet or the compound was not found in recent

literature.
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By a similar mechanism, members of a colony that forage in the same general
area may share a similar diet. Diets of different big brown bat colonies are known
to differ in insect composition (Whitaker, 1995). The metabolism of related food
items, especially by related individuals could produce similar volatile by-products
and, thus, affect overall body odor (Schellinck et al., 1997). In our study, two
members of the Sterling colony were misclassified into the Milford A colony.
These colonies are separated by approximately 45 km. Individuals from the two
Milford colonies, separated by only 2 km were not misidentified as belonging to
the other Milford maternity roost. This evidence suggests that shared diet may not
be an important factor in determining colony odor. However, further investigations
using dietary controls are needed to assess this possible source of odor production,
since even bats from the same roost may forage in different locations and consume
varied diets. In addition, roosting substrate should be evaluated, as individuals in
our study may have responded to the familiar odor of their roost in behavioral tests.

FemaleEptesicus fuscuygspecially those from maternity colonies in human-
made structures, tend to show high site fidelity during pregnancy and lactation
(Brigham and Fenton, 1986). After disturbance, colony members often relocate as
a group, indicating that roosting assemblages may function as social groups rather
than random aggregations of individuals (Brigham and Fenton, 1986). Since our
banding records support female philopatry, inhabitants of these maternity roosts
are likely to be genetically related. Colony-specific scents could be the result of
genetically related individuals that produce similar odors.

The major histocompatibility complex (MHC) has been shown to affect the
odor of an individual (Eggert et al., 1996, 1998). MHC is a highly polymorphic
group of genes that controls the immune system’s recognition of self and nonself
(Eggert et al., 1998; Penn and Potts, 1999). Although the precise mechanism for
how MHC loci influence odor production is not entirely clear, based on olfactory
cues, some rodents and humans are able to distinguish individuals who vary in this
gene complex (Eggert et al., 1998; Penn and Potts, 1998). A similar mechanism
might exist in bats if chemosensory recognition of kin occurs among individuals
that share similar MHC regions. Further studies are needed to elucidate such a
recognition system in bats, and a first step would be to evaluate the degree of
genetic relatedness among colony members.

Group recognition via olfactory or other cues could facilitate the stability of
social groups. Familiar individuals are more likely to cooperate and avoid agonistic
interactions than those with infrequent contact or that are unrecognized (Lewis,
1995). Roosting groups are important for bats, especially in maternity colonies
where stable temperatures are vital for proper development of the young (Kunz
and Hood, 2000). The cost of thermoregulation is decreased by clustering behavior
(Herreid, 1967; Trune and Slobodchikoff, 1976; Bonaccorso et al., 1992; Lewis,
1995). The recognition of colony mates may also facilitate winter aggregations in
hibernacula.
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When the possible chemical identities of the 15 odors used in the study were
investigated, 11 of the 14 potentially identified compounds were found to be bio-
logically active in other taxa (Table 3). For example, the odor described as musty,
with an average retention index of 1007 (Table 2), is probably phenylacetaldehyde
with a retention index of 1004 (Acree and Arn, 1997). This compound was identi-
fied as a heavily loaded variable in the first principle component (Table 2) and may
be important in colony recognition. Phenylacetaldehyde is present in the secretion
from the sternal gland of male koalas (Salamon and Davies, 1998). It is also an
attractant for many lepidopteran (Omuraetal., 1999a,b) and hymenopteran species
(Meagher and Mitchell, 1999). The biological importance of an odor among di-
verse taxa is not surprizing given the homology that exists in the olfactory detection
systems of a wide diversity of organisms (Acree and Bloss, 1996).

Most of what is understood about pheromones comes from the study of in-
sects. This group accounts for about 70% of all described species, and many of
these are agricultural crop pests (Agosta, 1992). Since considerable research is
devoted to understanding insect attractants and repellents, most compounds iden-
tified as potential chemicals in big brown bat colony odor also were considered
to be important in insect systems (Table 3). In fact, many of the insect families
represented in Table 3 have been reported in the diet fafscugWhitaker, 1995;

W. R. Hood, unpublished data). As the study of chemical ecology expands, many
insect pheromones have been shown to be biologically important in vertebrates
(Acree and Bloss, 1996).

Our study does not unequivocally demonstrate that colony members rec-
ognize each other using olfactory cues or that group-distinct colony odors are
present. However, it does suggest that female big brown bats prefer the odor of
a roost-mate to that of a conspecific from another colony. Such a preference may
promote colony stability and, thus, have implications for foraging, kin recog-
nition, and mating. Olfactory cues, like the well-studied auditory cues of bats
may be important in establishing and maintaining social interactions within a
species.

AcknowledgmentsWe thank T. Kingston, R. Nishida, K. White, and anonymous reviewers for
their helpful comments on this manuscript, as well as E. Lavin for his technical support. We also thank
the Frechette, Ferguson, Hoffman, and Zahn families who provided access to their barns. This study
was funded by a dissertation improvement grant from the National Science Foundation (IBN 9801137),
a Theodore Roosevelt grant from the American Museum of Natural History, NSF-REU support (DBI
9605257), and an American fellowship from the AAUW.

REFERENCES

ACREE T. E. 1997. GC/Olfactometry: GC with a sense of smiflal. Chem69:170A-176A.
Acreg T. E., and &N, H. 1997. The Flavornet. http/www.nysaes.cornell.edu/flavornet



CHEMICAL CUES IN BATS 831

AcrEE T. E., and Ross J. M. 1996. Flavour chemistry and human chemical ecology, pp. 311318,
A.J. Taylor and D. S. Mottram (eds.). Flavour Science: Recent Developments. The Royal Society
of Chemistry, London.

ACREE T. E., LAVIN, E. H., NSHIDA, R., and WATANABE, S. 1990.0-Amino acetophenone the foxy
smelling component of labruscana grapes, pp. 49#b62, Bessiere and A. F. Thomas (eds.).
Flavor Science and Technology. 6th Weurman Symposium. Geneva, Switzerland.

AGosTA W. C. 1992. Chemical Communication: The Language of Pheromones. Scientific American
Library, New York.

ALBONE, E. S. 1984. Mammalian Semiochemistry. John Wiley, New York.

BAaLcomBE, J. P. 1990. Vocal recognition of pups by mother Mexican free-tailed Hatkarida
brasiliensis mexicanaAnim. Behav39:960—-966.

BALCOMBE, J. P., and MCRACKEN, G. F. 1992. Vocal recognition in Mexican free-tailed bats: Do pups
recognize mothers®nim. Behav43:79-87.

BARTELT, R. J., and WekLow, D. T. 1999. Volatiles fronfrusarium verticillioidegSacc.) Nirenb. and
their attractiveness to nitidulid beetles Agric. Food Chemd7:2447-2454.

BLoss J. 1999. Olfaction and the use of chemical signals in et Chiropterol.1:31-45.

BONACCORSQF. J., ARRENDS A., GENOUD, M., CANTONI, D., and MORTON, T. 1992. Thermal ecology
of moustached and ghost-faced bats (Mormoopidae) in Venezudltammal 73:365-378.

BOUCHARD, S. 1998. Sex discrimination and roostmate recognition using olfactory cues in two African
free-tailed batsMops condylurusind Chaerephon pumiluéChiroptera: MolossidaeBat Res.
News39:157.

BREDIE, W. L. P.,, MOTTRAM, D. S., and @Y, R. C. E. 1998. Aroma volatiles generated during extrusion
cooking of maize flourd. Agric. Food Chenm46:1479-1487.

BRIGHAM, R. M., and ENTON, M. B. 1986. The influence of roost closure on the roosting and foraging
behaviour ofEptesicus fuscuChiroptera: VespertilionidaeLan. J. Zool 64:1128-1133.

BROOKE, A. P, and [ECkeR D. 1993. Scent marking and the use of odorous secretions by the fishing
bat,Notilio leporinus Bat Res. New34:103.

BROOKE, A. P., and [ECKER D. M. 1996. Lipid compounds in secretions of fishing Hdgctilio
leporinus(Chiroptera: Noctilionidae)J. Chem. Ecol22:1411-1428.

BURGER B. V., PETERSEN W. G. B., and RIBE, G. D. 1995. Semiochemicals of the Scarabaeine .4.
Identification of an attractant for the dung bed@hylomerus femoralis the abdominal secre-
tion of the dung beetl&heper lamarckiZ. Naturforsch50:675-680.

BUTTERY, R. G., and ING, L. C. 1998. Additional studies on flavor components of corn tortilla chips.
J. Agric. Food Chen¥6:2764-2769.

CHAPMAN, J. W., KNAPP, J. J., FOWSE, P. W., and ®ULSON, D. 1998. An evaluation of4)-9-tricosene
and food odours for attracting house flitddyysca domesticao baited targets in deep-pit poultry
units.Entomol. Exp. Appi89:183—-192.

CLARK, L. 1998. Bird repellents: Interaction of chemical agents in mixtupeysiol. Behav64:689—

695.

CORDOVA-YAMAUCHI, L., GIANOLI, E., QUIROZ, A., and NEMEYER, H. M. 1998. The Argentine ant,
Linepithema humiléHymenoptera: Formicidae: Dolichoderinae) is sensitive to semiochemicals
involved in the spacing behaviour in the bird cherry-oat aftidpalosiphum padBternorrhyn-
cha: Aphididae)Eur. J. Entomal 95:501-508.

DAPSON R. W., STUDIER, E. H., BUCKINGHAM, M. J., and SUDIER, A. L. 1977. Histochemistry of
odoriferous secretions from integumentary glands in three species oflbetammal 58:531—

535.

DE FaNIs, E., and ®NES G. 1995a. Post-natal growth, mother-infant interactions and development of
vocalizations in the vespertilionid bRtecotus auritusJ. Zool. Londor235:85-97.

DEFANIS, E., and ®NES G. 1995b. The role of odour in the discrimination of conspecifics by pipistrelle
bats.Anim. Behav49:835-839.



832 BLOSS ET AL

DE FaNis, E., and ®NES G. 1996. Allomaternal care and recognition between mothers and young in
pipistrelle batsRipistrellus pipistrellu. J. Zool. Londor240:781-787.

Do NASCIMENTO, R. R., BLLEN, J., INT'ANA, A. E. G., MORGAN, E. D., and KARADA, A. Y. 1998.
Pygidial gland ofAzteca nr. bicoloandAzteca chartifexMorphology and chemical identification
of volatile componentsl. Chem. Ecol24:1629-1637.

Du, Y. J., PoPPY, G. M., POWELL, W., RCKETT, J. A., WADHAMS, L. J., and Wbobcock, C. M. 1998.
Identification of semiochemicals released during aphid feeding that attract the pardphalius
ervi. J. Chem. Ecol24:1355-1368.

DUSENBERY, D. B. 1992. Sensory Ecology: How Organisms Acquire and Respond to Information.
W. H. Freeman and Company, New York.

EGGERT, F., HOLLER, C., LUSZYK, D., MULLER-RUCHHOLTZ, W., and FERSTL, R. 1996. MHC associated
and MHC-independent urinary chemosignals in miieysiol. Behav59:57-62.

EGGERT, F., MULLER-RUCHHOLTZ, W., and ERSTL, R. 1998. Olfactory cues associated with the major
histocompatibility complexGenetical04:191-197.

EISENBERG J. F., and KEIMAN, D. G. 1972. Olfactory communication in mammaisin. Rev. Ecol.
Syst.3:1-32.

EsseRr K.-H., and £HMIDT, U. 1989. Mother—infant communication in the lesser spear-nosed bat
Phyllostomus discolofChiroptera: Phyllostomidae)—evidence for acoustic learnitgology
82:156-168.

FERKIN, M. H., and &HNSTON R. E. 1995. Effects of pregnancy, lactation and postpartum oestrus
on odour signals and the attraction to odours in female meadow, Mie®tus pennsylvanicus
Anim. Behav49:1211-1217.

FRENCH, B., and LOLLAR, A. 1998. Observations on the reproductive behavior of caftadarida
brasiliensis mexicanéChiroptera: Molossidaepouthwest. Na#3:484—-490.

GLUSMAN, G., YANAI, |., RUBIN, I., and LANCET, D. 2001. The complete human olfactory subgenome.
Genome Re$:685-702.

GONZALES, W. L., FUENTES CONTRERAS E., and NEMEYER, H. M. 1999. Semiochemicals associated
to spacing behaviour of the bird cherry-oat apRHopalosiphum padi. (Mem., Aphididae)
do not affect the olfactometric behaviour of the cereal aphid paraskpids rhopalosiphDe
Stephani-Perez (Hym., Braconida&)Appl. Entomal123:413-415.

GUSTIN, M. K., and McCRACKEN, G. F. 1987. Scent recognition between females and pups in the bat
Tadarida brasiliensis mexican&nim. Behav35:13-19.

GROOT, A. T., TIMMER, R., GORT, G., LELYVELD, G. P., DRIUFHOUT, F. P., VAN BEEK, T. A., and
VISSER J. H. 1999. Sex-related perception of insect and plant volatileggocoris pabulinusJ.
Chem. Ecol25:2357-2371.

HAFFNER M. 1995. The possibilities of scent marking in the mouse-earedMaitis myotis
(Borkhausen, 1797) and the noctule Heyctalus noctula(Schreber, 1774) (Mammalia,
Chiroptera)Z. Saeugetierkd0:112-118.

HALPIN, Z. T. 1986. Individual odors among mammals: Origins and functions, pp. 39%10,S.
Rosenblatt, C. Beer, M. Busnel, and P. J. B. Slater (eds.). Advances in the Study of Behavior,
Vol. 16. Academic Press, New York.

HERDERICH M., COSTELLO, P. J., &RBIN, P. R., and ENSCHKE, P. A. 1995. Occurrence of 2-acetyl-1-
pyrroline in mousy winedNat. Prod. Lett.7:129-132.

HERREID, C. F., 1. 1967. Temperature regulation, temperature preference and tolerance, and metabolism
of young and adult free-tailed bathysiol. Zool 40:1-22.

HOLLER, P.voN, and SHMIDT, U. 1993. Olfactory communication in the lesser spear-nosed bat,
Phyllostomus discolofChiroptera: Phyllostomidae¥. Saeugetierkcb8:257-265.

JOHNSON R. A., and WCHERN, D. W. 1992. Applied Multivariate Statistical Analysis. Prentice Hall,
Englewood Cliffs, New Jersey.



CHEMICAL CUES IN BATS 833

JONES G., HUGHES P. M., and RYNER, J. M .V. 1991. The development of vocalization$ipistrel-
lus pipistrellus(Chiroptera: Vespertilionidae) during post-natal growth and the maintenance of
individual vocal signaturesl. Zool. Londor225:71-84.

JONSSON M., and ANDERSON P. 1999. Electrophysiological response to herbivore-induced host plant
volatiles in the mottSpodoptera littoralisPhysiol. Entomol24:377-385.

KUNz, T. H. 1982. Roosting ecology of bats, pp. 1-BbT. H. Kunz (ed.). Ecology of Bats. Plenum
Press, New York.

KuNz, T. H., and Hbob, W. R. 2000. Parental care and postnatal growth in the Chiroptera, pp. 415-468,
in E. G. Creighton and P. H. Krutzsch (ed.). Reproductive Biology of Bats. Academic Press, San
Francisco, California.

Kunz, T. H., and KURTA, A. 1988. Capture methods and holding devices, pp. 1#29, H. Kunz
(ed.). Ecological and Behavioral Methods for the Study of Bats. Smithsonian Institution Press,
Washington, D.C.

KURTA, A. 1999. Big brown batEptesicus fuscypp. 115-117in D. E. Wilson and S. Ruff (eds.).

The Smithsonian Book of North American Mammals. Smithsonian Institution Press, Washington,
D.C.

KURTA, A., and BAKER, R. H. 1990 Eptesicus fusculammal. Specie356:1-10.

LAWLESS, H. T.,and HEYMANN, H. 1999. Sensory Evaluation of Foods. Aspen Publishers, Gaithersburg,
Pennsylvania.

LEWIS, S. 1995. Roost fidelity of bats: A revied. Mammal 76:481-496.

Lis-BALCHIN, M., and HART, S. 1999. Studies on the mode of action of the essential oil lavender
(Lavandula angustifolid. Miller). Phytother. Res13:540-542.

LOUGHRY, W. J., and MCRACKEN, G. F. 1991. Factors influencing female-pup scent recognition in
Mexican free-tailed bats. Mammal 72:624—-626.

MCCRACKEN, G. F., and G. S. WKINSON. 2000. Bat mating systems, pp. 321-3&Z%. G. Creighton
and P. H. Krutzsch (eds.). Reproductive Biology of Bats. Academic Press, San Francisco,
California.

MEAGHER R. L., and MTCHELL, E. R. 1998. Phenylacetaldehyde enhances upwind flight of male fall
armyworm (Lepidopetera: Noctuidae) to its sex pherométee.Entomol 81:556-559.

MEAGHER R. L., and MTCHELL, E. R. 1999. Nontarget Hymenoptera collected in pheromone-and
synthetic floral volatile-baited trapEnviron. Entomal28:367-371.

NoLTE, D. L., FARLEY, J. P., @QMPBELL, D. L., EPPLE G. M., and MasoN, J. R. 1993. Potential
repellents to prevent mountain beaver dam&yep Prot 12:624—626.

NouT, M. J. R., and BRTELT, R. J. 1998. Attraction of a flying nitidulid@arpophilus humeralis
to volatiles produced by yeasts grown on sweet corn and a corn-based médihem. Ecol
24:1217-1239.

OMURA, H., HONDA, K., and HayAasHI, N. 1999a. Chemical and chromatic bases for preferential
visiting by the cabbage butterflpjerus rapaeto rape flowersJ. Chem. Ecol25:1895-1906.

OMURA, H., HONDA, K., NAKAGAWA , A., and HFaYAsHI, N. 1999b. The role of floral scent of the cherry
tree Prunus yedoensig the foraging behavior dfeuhdorfia japonicglLepidotera: Papilionidae).
Appl. Entomol. Zool34:309-313.

OSTERKAMP, J., WAHL, U., SCHMALFUSS, G., and HhAs, W. 1999. Host-odour recognition in two tick
species is coded in a blend of vertebrate volatde€omp. Physiol. A85:59-67.

PaLISOT DE BEAUVOIS, A. M. F. J. 1796. Catalogue raisonne du musi, de Mr. C. W. Peale. Parent,
Philadelphia, Pennsylvania.

PARK, K. C., and ®RK, A. 1999. Electrophysiological responses of antennal receptor neurons in female
Australian sheep blowfliesucilia cupring to host odours]. Insect Physiol45:85-91.

PENN, D., and PTTS, W. 1998. How do major histocompatability genes influence odor and mating
preferencesAdv. Immunal69:411-435.



834 BLOSS ET AL

PENN, D. J., and BTTS, W. K. 1999. The evolution of mating preferences and major histocompatibility
complex genesAm. Nat 153:145-164.

POLLIEN, P., Ry, L. B., BAUMGARTNER, M., and GHAINTREAU, A. 1999. First attempt of odorant
quantitation using gas chromatography-olfactomeétnal. Chem71:5391-5397.

QuAY, W. B. 1970. Integument and derivatives, pp. 1-66W. A. Wimsatt (ed.). Biology of Bats,
Vol. Il. Academic Press, New York.

RAGUSO, R. A., and LGHT, D. M. 1998. Electroantennogram responses of n¥ghinx perelegans
hawkmoths to floral and “green-leaf volatilegEhtomol. Exp. Appl86:287—-293.

RAGUSO, R. A., LIGHT, D. M., and RCKERSKY, E. 1996. Electroantennogram responsesydés lineata
(Sphingidae: Lepidoptera) to volatile compounds frGfarkia breweri(Onagraceae) and other
moth-pollinated flowersl). Chem. Ecol22:1735-1766.

RosE U. S. R., lEwis, W. J., and TMLINSON, J. H. 1998. Specificity of systematically released cotton
volatiles as attractants for specialist and generalist parasitic whspsem. Ecol24:303-319.
SALAMON, M., and DaviES, N. W. 1998. Identification and variation of volatile compounds in sternal

gland secretions of male koaldhascolarctos cinereisl. Chem. Ecol24:1659-1676.

SANT’ANA, J.,DA SILVA, R. F. P,, and IZKENS, J. C. 1999. Olfactory reception of conspecific aggre-
gation pheromone and plant odors by nymphs of the predabolisus maculiventrisl). Chem.
Ecol 25:1813-1826.

SAS Institute Inc. 1990. SAS/STAT User'’s Guide, Version 6, 4th ed. SAS Institute Inc., Cary, North
Carolina.

SCHELLINCK, H. M., SLOTNICK, B. M., and BRowN, R. E. 1997. Odors of individuality originating
from the major histocompatibility complex are masked by diet cues in the urine ofAmaits.
Learn. Behav25:193-199.

ScHMIDT, U. 1988. Orientation and sensory functionddiasmodus rotundugp. 143-166in A. M.
Greenhall and U. Schmidt (eds.). Natural History of Vampire Bats. CRC Press, Boca Raton,
Florida.

STUDIER, E. H., and lavolg, K. H. 1984. Microbial involvement in scent production in noctilionid
bats.J. Mammal 65:711-714.

TAKKEN, W. 1999. Chemical signals affecting mosquito behavimwertebr. ReprodDev. 36:67—71.

THOMSON, C. E., FENTON, M. B., and BARCLAY, R. M. R. 1985. The role of infant isolation calls in
mother-infant reunions in the little brown bailyotis lucifugus(Chiroptera: Vespertilionidae).
Can. J. Zoal 63:1982-1988.

TRUNE, D. R., and $0BODCHIKOFF, C. N. 1976. Social effects of roosting on the metabolism of the
pallid bat Antrozous pallidus J. Mammal 57:656-663.

WATKINS, L. C., and $iump, K. A. 1981. Behavior of the evening batlycticeius humeralisat a
nursery roostAm. Midl. Nat 105:258—-268.

WHITAKER, J. O., & 1995. Food of the big brown b&ptesicus fuscukom maternity colonies in
Indiana and lllinoisAm. Midl. Nat 134:346-360.

YLONEN, H. 1994. Vole cycles and anti-predatory behavidiREE9:426-430.

ZAR, J. H. 1984. Biostatistical Analysis, 2nd ed. Prentice Hall, Englewood Cliffs, New Jersey.

ZHU, J. W., @ssk A. A., OBRYCKI, J. J., B0, K. S., and BKER, T. C. 1999. Olfactory reactions of the
twelve-spotted lady beetl€oleomegilla maculatand the green lacewin@hrysoperia carnea
to semiochemicals released from their prey and host plant: Electroantennogram and behavioral
responsesl. Chem. Ecol25:1163-1177.

ZILKOWSKI, B. W., BARTELT, R. J., BUMBERG, D., JAMES D. G., and WEAVER, D. K. 1999. Identi-
fication of host-related volatiles attractive to pineapple be@tgophilus humeralis. J. Chem.
Ecol. 25:229-252.



