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Abstract—We tested hypotheses about how olfactory communication was
related to mating behavior in Alaskan moose (Alces alces gigas). Males dig
rutting pits where they deposit odiferous urine; females are strongly attracted
to and often wallow in those pits. Moreover, mating and parturition are highly
synchronized in moose. Consequently, male urine may play an important role
in the mating system and in synchronizing reproduction in moose. Urine
samples were collected from captive moose on the Kenai Peninsula, Alaska.
Samples included those from the mating season and from the nonrutting period
for two adult males, one yearling male, and one male and one female less
than 1 year old. After pH adjustment, samples were extracted with methylene
chloride to yield three fractions (acidic, neutral, and basic), which were
analyzed by gas chromatography-mass spectrometry. Potential pheromones
included unsaturated alcohols and homologs of tetrahydro-6-methyl pyranone
and 2-nonen-4-one. We hypothesize that these compounds are related to
hypophagia and catabolism of body reserves by rutting males, and thereby
provide an honest advertisement of body condition by male moose during the
mating season.
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INTRODUCTION

Olfactory communication plays a major role in the behavior and ecology of
mammals (Ewer, 1968). Pheromones and other chemical signals are impor-
tant in intra- and interspecific identification (Passanisi and MacDonald, 1990),
and territorial marking (Gilbert, 1973; Kitchen, 1974; Gosling, 1987; Johans-
son et al., 1996; Massei and Bowyer, 1999), although many mammals that scent
mark are not territorial (Ralls, 1971). Thus, the function of scent marking goes
well beyond the delineation of territorial boundaries (Leuthold, 1977; Bowyer
et al., 1998a). For instance, chemical signals are thought to play a fundamen-
tal role in alarm systems (Mieller-Schwarze, 1969; Booth and Signoret, 1992),
predator—prey relationships (Mattina et al., 1991; Young, 1993), maternal-infant
bonds (Poindron et al., 1988; Poran et al., 1993a,b), social structure and organiza-
tion (Passanisi and MacDonald, 1990), and sexual behavior (Alteri and Miieller-
Schwarze, 1980; Rasmussen et al., 1986, 1997; Rasmussen, 1988; Menzies et al.,
1992). Ungulates exhibit a diverse array of scent-marking behaviors (Coblentz,
1976; Leuthold, 1977; Benner and Bowyer, 1988; Gosling, 1987; Bowyer et al.,
1994; Oehler et al., 1995). Moreover, much evidence links olfaction and repro-
duction among ungulates (Watson and Radford, 1960; Fraser, 1968; Coblentz,
1976; Bakke and Figenschou, 1990; Miquelle, 1991; Booth and Signoret, 1992).
Pheromones of domestic pigs and sheep have been identified and related to spe-
cific behavioral and physiological changes associated with reproduction (Booth
and Signoret, 1992). Indeed, the role of chemical communication in the repro-
ductive behavior of ungulates, especially the behaviors associated with scent
marking by males, has been studied for many species (Coblentz, 1976).
During the mating season (rut), male urine provides an important chemi-
cal cue thought to relay information to conspecifics (McCullough, 1969; Altieri
and Mieller-Schwarze, 1980; Izard and Vandenbergh, 1982; Bakke and Figen-
schou, 1990; Miquelle, 1991). Scent urination by ungulates may serve at least
two functions: mediating aggressive interactions between males and facilitating
male—female interactions. Scent urination directed at other males in species such
as Thomson’s gazelles (Gazella thomsoni) (Estes, 1967), blackbuck antelope
(Antilope cervicapra) (Schaller, 1967), and springbok (Antidorcas marsupialis)
(David, 1973) may be used for territorial marking. Scent urination in bontebok
(Damaliscus dorcas dorcas) (David, 1973) and wildebeest (Connochaetes taur-
inus) (Estes, 1969) is directed at other males as a part of a ritualized challenge.
McCullough (1969) and Bowyer and Kitchen (1987) noted that scent urination in
North American elk (Cervus elaphus) occurred primarily in dominance interac-
tions between adult males and hypothesized that pheromones contained in urine
might advertise the physical condition of males. Such an olfactory cue, however,
also might be involved in male—female interactions (Coblentz, 1976; Bowyer and
Kitchen, 1987). Scent urination by males directed at females in species such as
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cattle (Izard and Vandenbergh, 1982), sheep (Watson and Radford, 1960), feral
goats (Coblentz, 1976), and pigs (Polikarpova, 1945) may serve to accelerate
the onset of puberty or synchronize and actuate estrus and ovulation.

In cervids, scent urination during the mating season has been well doc-
umented. Male reindeer (Rangifer tarandus) scent mark by urinating on their
hind feet and tramping the ground (Espmark, 1964; Mossing and Damber, 1981;
Kojola, 1991). Female reindeer exhibit an interest in the male urine deposited by
rubbing against the ground, a behavior that resembles the males rubbing against
urine patches (Espmark, 1964). Mule deer (Odocoileus hemionus) also rub uri-
nate (Bowyer, 1986), as do white-tailed deer (Odocoileus virginianus) (Marchin-
ton and Hirth, 1984). Caribou (Rangifer tarandus) likewise scent urinate (Lent,
1965). Some cervids such as elk, moose (Alces alces), and fallow deer (Dama
dama) dig rutting pits or wallows in which urine is deposited (McCullough,
1969; Bowyer and Kitchen, 1987; Miquelle, 1991; Massei and Bowyer, 1999).

Detailed descriptions of rutting pits and associated behaviors of moose
have been provided previously (Miquelle, 1991; Van Ballenberghe and Miquelle,
1993). During the mating season, adult male moose paw a shallow depression
(pit) in the ground, and urinate in the pit. Urine excreted during rut has a strong,
pungent, and unique odor. These cervids impregnate their pelage with the scent
by splashing urine and mud onto themselves using their front hooves, slap-
ping urine with the underside of their antlers, and lying (wallowing) in the pit
(Miquelle, 1991). Females also wallow in these pits and impregnate their pelage
with urine deposited by adult males (Miquelle and Van Ballenberghe, 1985).
Male moose attract females to their pits by scent marking with their urine or
later in the rut by scent marking (rubbing) trees (Bowyer et al., 1994).

Scent urination in adult male moose is likely directed more towards females
than males because that behavior is not temporally correlated with aggressive
interactions between males, and female moose are strongly attracted to the urine
of rutting males (Miquelle, 1991). Unlike many other cervids, female moose
impregnate their pelage by wallowing in freshly made pits. Furthermore, females
exhibit a high level of antagonism towards other females while attempting to
obtain access to pits (Miquelle and Van Ballenberghe, 1985; Miquelle, 1991).
Not only are female moose interested in the urine deposited in rutting pits, but so
are subadult males that do not scent urinate, but presumably attempt to obtain the
odor of dominants and gain the benefits of pits by wallowing in them (Miquelle
and Van Ballenberghe, 1985; Miquelle, 1991). Those behaviors indicate that the
urine of male moose may be a critical component in the reproductive biology
of females.

Additional evidence exists that primer pheromones occur in the urine of
ungulates (Watson and Radford, 1960; Verme and Ozoga, 1987). Synchroniza-
tion of estrus and subsequent parturition would be of particular importance in
ungulates because late-born young may experience higher rates of mortality than
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those born earlier (Clutton-Brock et al., 1984; Fairbanks, 1993; Keech et al.,
2000). Additionally, timing parturition to coincide with the resources necessary
to meet the requirements of mother and young may be critical for successful
reproduction (Bowyer, 1991; Rachlow and Bowyer, 1994; Bowyer et al., 1998b;
Keech et al., 2000). Mating and parturition in moose are extremely synchro-
nized (Schwartz and Hundertmark, 1993; Van Ballenberghe and Miquelle, 1993;
Bowyer et al., 1998b).

Urinary constituents of some ungulates have been characterized. In red deer
(Cervus elaphus), urine consisted mainly of carboxylic acids and their deriva-
tives and some aromatic compounds (Bakke and Figenschou, 1990). Volatiles
identified in the urine of white-tailed deer belong to the alcohol, aldehyde, furan,
ketone, nitrile, alkene, alkane, thiol ester, disulfide, aromatic, ether, ketal, and
amine classes of compounds (Miller et al., 1998). No studies have characterized
urinary compounds and putative pheromones of moose.

We tested the hypothesis that there were differences in the chemical com-
position of urine from adult male moose during rut compared with the same
nonrutting adult males, a subadult (yearling) male, and two younger individu-
als, and we characterized those substances. These data are a necessary first step
in understanding the potential role of pheromones in the reproductive biology
of moose.

METHODS AND MATERIALS

Urine samples (=200 ml) were collected from captive moose at the Kenai
Moose Research Center, a facility operated by the Alaska Department of Fish
and Game, on the Kenai Peninsula, Alaska, USA (60°N, 150°W). Urine was
collected by holding a 1-liter bottle affixed on a 1.8 m-pole while an animal
urinated. Personnel of the Alaska Department of Fish and Game collected urine
from five animals in August and September 1991. Five samples consisted of
urine from the rut (September) and from the nonrutting period (August) for the
same two adult males (=8 years old), one yearling male (subadult), and one male
and one female young both less than 1 year old. Samples were kept frozen at
—20°C until analysis.

Frozen samples were thawed in a coldroom at 4°C. The pH of each sam-
ple was determined before adjustment of pH and extraction. We obtained three
fractions based on pH (acidic pH 1, neutral pH 7, and basic pH 12). With the
protocol of Menzies et al. (1992), we obtained organic compounds by eight
successive extractions with equal volumes of methylene chloride (CH,Cl,). We
did not, however, perform extractions with NaHCO;3. The solvent was removed
under reduced pressure by rotoevaporation at 40°C. The resultant extracts were
weighed and diluted with chloroform (CHCI3 100 pg/ul).

To assure that urine from an adult male moose contained substances that
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TABLE 1. THIN-LAYER CHROMATOGRAPHY SOLVENT SYSTEMS USED TO ANALYZE
EXTRACTED MOOSE URINE?

Fraction Solvent 1 Solvent 2

Acidic CHCI13-MeOH-H;0 (50:20:1) CHCl13-MeOH-H;0 (90:20:1)
Neutral CHCI3-MeOH-H;0 (90:20: 1) CHCl3

Basic CHCI13-MeOH-H;0 (40:10:1)

@Plates first were developed half way with a relatively strong eluting solvent (solvent 1), dried, and
then developed completely with a weaker eluting solvent (solvent 2).

were of interest to an adult female, we performed a methylene chloride extrac-
tion on male urine collected during rut. We then offered the methylene chloride
extract from male urine, the aqueous portion from that extraction, methylene
chloride alone, and distilled water on small sponges to a female near the end
of rut. The female responded strongly only to the sponge with the methylene
chloride extract. Her behavior was similar to that observed when we offered
urine from the adult male without performing the methylene chloride extrac-
tion. Social behavior of Alaskan moose has been well documented (Miquelle
and Van Ballenberghe, 1985; Miquelle, 1990, 1991; Schwartz et al., 1990; Van
Ballenberghe and Miquelle, 1993; Molvar and Bowyer, 1994), which facilitated
our interpretation of those behaviors.

For preliminary analysis, we fractionated samples of urine by thin-layer
chromatography (TLC) on silica gel plates by using a two-solvent system gradi-
ent. Plates first were developed half way with a relatively strong eluting solvent,
dried, and then developed completely with a weaker eluting solvent. The basic
fractions, however, were developed only with a single-solvent system (Table 1).

We identified volatiles and semivolatiles on a Hewlett Packard (HP) 5890
Series II gas chromatograph interfaced with a mass selective detector (HP 5972).
We injected 1 ul of extract onto a HP 5% phenyl methyl siloxane capillary col-
umn (0.25 pm X 30 m) with a flow rate of 1 ml/min, and an injection temperature
of 275°C. The initial oven temperature was maintained at 50°C for 3 min and
then increased to 300°C at 4°C/min. Initial peak identification was made through
the use of a library of standard mass spectra (Wiley 138), and subsequent iden-
tification was accomplished by matching retention times and mass spectra with
authentic samples.

Volatiles and semivolatiles were quantified on a Hewlett Packard (HP) 6890
Series II gas chromatograph equipped with a flame-ionization detector. Samples
of 1 pl were injected onto a HP 5% phenyl methyl siloxane capillary column
(0.25 um x 30 m) with a flow rate of 2.5 ml/min, and an injection temperature
of 275°C. The initial oven temperature was maintained at 50°C for 3 min and
then increased to 275°C at 5°C/min.
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RESULTS

Urine collected in August (nonrut) from adult males lacked the characteris-
tically pungent and musky odor, which was obvious to the human nose, of urine
from rut. These qualitative differences in the urine of rutting and nonrutting adult
moose were clearly established by TLC on silica gel. With the isolation tech-
niques described here, we identified a total of 11 TLC bands unique to rutting
males: 4 from the acidic fraction; 4 from the neutral fraction; and 3 from the
basic fraction.

Five compounds from the urine of moose were identified from GC-MS
analysis (Figures 1-3). Dimethyl sulfone was common to all samples except
those from rutting males. Butyrolactone was present only in the samples from
adult males. p-Cresol (i.e., 4-methyl phenol) occurred in the urine of all males.
Although qualitative differences existed between the amount in rutting versus
nonrutting urine, the amount of p-cresol in rutting samples was 5.5 times greater
than for nonrutting males (Figure 1). Benzoic acid was identified in samples of
all males except for adult rutting males. Lupanine, which was tentatively identi-
fied with mass spectral analysis, and sparteine only occurred in the sample from
the young female.

Two of seven chromatographic peaks unique to rutting males have mass
spectra indicating they are likely homologs of tetrahydro-6-methyl pyranone,
and 2-nonen-4-one. Two other peaks have mass spectra similar to unsaturated
alcohols.

DISCUSSION

Olfactory communication and associated scent-marking activities play a
major role in the behavior and ecology of many species of mammals (Vanden-
berg, 1983; Bowyer et al., 1998a). During the mating season, scent marking with
urine by male cervids in an important chemical cue imparting information to con-
specifics (Bowyer and Kitchen, 1987; Miquelle, 1991). Specifically, adult male
moose dig rutting pits in which they urinate, and females respond to the urine
deposited in those pits in a characteristic manner (Miquelle, 1991; Van Ballen-
berghe and Miquelle, 1993). Because of the association and chronological order
of events of moose courtship and copulation behavior (Van Ballenberghe and
Miquelle, 1993), urine of rutting males likely is directed toward females and
functions as a primer pheromone (Miquelle, 1991).

Four of the compounds identified in the chromatograph of moose urine are
common constitutes in the urine of many species. These compounds include
butyrolactone, dimethyl sulfone, p-cresol, and benzoic acid (Figure 1). Buty-
rolactone occurred only in the urine of adult males. This compound also was
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FiG. 1. GC-MS chromatograph of the acidic fraction of urine from an adult male moose
during rut (above) and nonrut (below). Letters identify chromotgraphic peaks for buty-

rolactone (A), dimethyl sulfone (B), p-cresol (C), and benzoic acid (D).
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FIG. 2. GC-MS chromatograph of the neutral fraction of urine from an adult male moose
during rut (above), and nonrut (below).

isolated from the sternal gland of the cockroach (Nauphoeta cinerea), but has
not been identified as a pheromone (Sirugue et al., 1992).

Sparteine and lupanine occurred only in the urine of the young female.
Those naturally occurring quinolizidine alkaloids are present in leguminous
plants including the genus Lupinus. Although the moose in our study were given
a commercial pelleted diet, there was an opportunity for them to feed on indige-
nous vegetation, including species of Lupinus. Sparteine appears to be unique
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FiG. 3. GC-MS chromatograph of the basic fraction of urine from an adult male moose
during rut (above), and nonrut (below).
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to the urine of young female moose, but also has been reported in both genders
of humans (Pfandl et al., 1992).

Two of seven chromatographic peaks unique to rutting males were tenta-
tively identified by mass spectral analysis and were most likely homologs of
tetrahydro-6-methyl pyranone and the ketone 2-nonen-4-one. Ketones, which are
likely related to catabolism of body reserves, have been identified from the urine
of rutting male white-tailed deer (Miller et al., 1998) and the Asian elephant (Ele-
phas maximus) during musth (Rasmussen and Perrin, 1999). Two further peaks
were characterized as unsaturated alcohols. That we identified these compounds
only from rutting males may indicate that they are involved in pheromonal
activity.

Ungulates excrete large quantities of aromatic metabolites in their urine pri-
marily because of the ingestion of cellulose plant materials. These metabolites
are the excretory products of dietary phenolic acids, alicyclic acids, and aro-
matic amino acids that are first fermented by rumen microbes and then further
metabolized in body tissues after absorption (Martin, 1973, 1982). Martin (1970)
noted that the quantity of various aromatic acid fractions excreted is directly
proportional to the amount of food consumed. Typically, dominant male moose
cease feeding (i.e., become hypophagic) and rely on the catabolism of endoge-
nous reserves during rut to meet their metabolic needs (Miquelle, 1990). This
hypophagic behavior may help explain why the chemical composition of urine
from adult male moose during rut was markedly different when compared with
nonrutting adults (Figures 1-3), a yearling male, male young, or female young.
Indeed, studies investigating the role of malnutrition on the excretion of uri-
nary compounds reported that the concentration of benzoic acid in urine was
correlated positively with the amount of food eaten (Martin, 1969, 1970, 1973;
Silanikove and Brosh, 1989). We isolated benzoic acid only from the urine of
nonrutting males, although the concentration of that compound in urine from rut
may have dropped below detection levels because of our analytical procedures.
The absence of benzoic acid in rutting males, however, is consistent with their
undergoing hypophagia during rut (Miquelle, 1990).

p-Cresol was identified from the urine of males, and a substantial difference
occurred in the quantity of p-cresol in rutting versus nonrutting males (Figure
1). p-Cresol is an end product of anaerobic microbial degradation of tyrosine
(Bakke, 1968; Bone et al., 1976; Spoelstra, 1978). Therefore, the quantitative dif-
ferences of p-cresol also may result from the breakdown of endogenous reserves
during rut when moose are hypophagic for about 18 days (Miquelle, 1990).

p-Cresol has been identified as a component of the pheromone in two
species of hard tick (Rhipicephalus appendicalatus and R. pulchellus) (Wood
et al., 1975) and cabbage looper (Trichoplusia ni) (Heath et al., 1992). Insect
pheromones also may function as pheromones in mammals; Rasmussen et al.
(1997) demonstrated that a lepidopteran-like pheromone occurred in the urine
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of female Asian elephants, and that compound was identified as a female-to-
male sex pheromone. Perhaps p-cresol also serves as a pheromone in moose.

Urinary compounds that we identified as unique to rutting male moose
had molecular weights of <300 and had fewer than 20 carbon atoms. Airborne
pheromones usually contain 5-20 carbon atoms and must be volatile to reach
the receiver; pheromones typically have molecular weights near 300 (Bradbury
and Vehrencamp, 1998). In white-tailed deer, several volatile compounds occur
exclusively in the urine of dominant males during the mating season that had
molecular weights <300 (Miller et al., 1998). Similarly, in red deer, volatile com-
pounds possess molecular weight <300 (Bakke and Figenschou, 1990). Female
Asian elephants release a female-to-male urinary pheromone with 13 carbons
and a molecular weight near 300 (Rasmussen et al., 1997). The compounds we
identified from rutting male moose have physical properties necessary for con-
sideration as putative pheromones.

Bacterial interaction with exocrine secretions is responsible for the pun-
gent axillary odor in humans (Leyden et al., 1981). Additionally, Stern and
McClintock (1998) noted the importance for humans of female axillary secre-
tions (pheromones) and their associated bacterial fauna (Leyden et al., 1981) in
their possible role in synchronization of menstrual cycles. In moose, however,
bacterial interaction is not likely important in the production of pungent-smelling
urine during rut. The freshly collected urine of rutting males was already odor-
iferous, and a female was attracted to the smell of the freshly frozen and thawed
urine from an adult male (personal observation). Additionally, females respond
immediately to males urinating in rutting pits under natural conditions (Miquelle,
1991); there would not likely be sufficient time for bacterial interactions in that
process.

Digging of rutting pits and deposition of pheromones in the pit should
be considered a secondary sexual character related to mating (Moller, 1996).
Expression of such sexual characters often shows evidence of being dependent
on body condition (Andersson, 1986). For example, cervids usually grow larger
antlers as a direct response to individual age and physical condition (Van Bal-
lenberghe, 1982; Goss, 1983; Stewart et al., 2000). Such high-quality individuals
with well-developed sexual characteristics can afford to invest relatively more
in cost-reducing traits than can low-quality individuals (Zahavi, 1975; Zahavi
and Zahavi, 1997).

Rutting activities not associated with scent marking are costly for adult male
moose (Van Ballenberghe and Miquelle, 1993). A reduction in feeding, vigorous
fights between males, and a concomitant loss of weight by rutting males occurs
in many polygynous cervids (Taber and Dasmann, 1958; McCullough, 1969;
Bowyer, 1981; Miquelle, 1990). During rut, adult male moose can lose from
12 to 19% of their prerut body mass (Franzmann et al., 1978; Schwartz et al.,
1987). Additionally, rut occurs at the time of year when Alaskan moose will
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be stressed physiologically by the subsequent demands associated with severe
winters (Schwartz, 1998).

Adult males incur high energetic costs as a consequence of strenuous rut-
ting activities. This cost handicap may be a self-imposed test upon the male. A
male with a well-developed sexually selected character is an individual that has
survived that test (Zahavi, 1975). A female moose that could discriminate a male
of high quality has selected from among the best phenotypes, and presumably
genotypes, and this trait likely will be passed on to her male offspring (Darwin,
1859; Zahavi and Zahavi, 1997). Thus, scent marking by male moose may be an
honest advertisement of their physical condition and signal their quality as mates.
More research is needed, however, on the putative pheromones we identified in
the urine of male moose, and on their potential role in honest advertisement.

Acknowledgments—We thank the Alaska Department of Fish and Game for use of their facili-
ties, which received funding from Federal Aid in Wildlife Restoration. We especially thank K. Hun-
dertmark and T. Stephenson for assistance provided during field seasons and C. Shuey for urine col-
lection and technical support. We also are indebted to S. Smith-Trask for her guidance in laboratory
protocols. We thank the staff at the Institute of Arctic Biology at the University of Alaska Fairbanks
for providing timely and professional administrative support. We are indebted to V. Van Ballen-
berghe for helpful discussions concerning the behavior of moose. B. Rasmussen offered invaluable
insights into behaviors associated with olfaction and expertise in chemical signals. We thank G.
Preti for his helpful review of our manuscript. This research would not have been possible without
the support and guidance of R. Small and the Partnership Program with NIDCD. This study was
supported in part by NIDCD grant 340-130 from the National Institutes of Health, and the Institute
of Arctic Biology at the University of Alaska Fairbanks.

REFERENCES

ALTIERI, R., and MUELLER-SCHWARZE, D. 1980. Seasonal changes in flehmen to constant urine stim-
uli. J. Chem. Ecol. 6:905-909.

ANDERSSON, M. 1986. Evolution of condition-dependent sex ornaments and mating preferences:
Sexual selection based on viability differences. Evolution 40:804-816.

BAKKE, O. M. 1968. Urinary simple phenols in rats fed diets containing different amounts of casein
and 10% tyrosine. J. Nutr. 98:217-221.

BAKKE, J. M., and FIGENSCHOU, E. 1990. Volatile compounds from the red deer (Cervus elaphus).
Substances secreted via the urine. Comp. Biochem. Physiol. 97A:427-431.

BENNER, J. M., and BOWYER, R. T. 1988. Selection of trees for rubs by white-tailed deer in Maine.
J. Mammal. 69:624-627.

BONE, E., TAMM, A., and HILL, M. 1976. The production of urinary phenols by gut bacteria and
their possible role in the causation of large bowel cancer. Am. J. Clin. Nutr. 29:1448-1454.

BOOTH, W. D., and SIGNORET, J. P. 1992. Olfaction and reproduction in ungulates, pp. 263-301, in
S. R. Milligan (ed.). Oxford Reviews of Reproductive Biology. Oxford University Press, New
York.

BOWYER, R. T. 1981. Activity, movement, and distribution of Roosevelt elk during rut. J. Mammal.
62:574-582.

BOWYER, R. T. 1986. Antler characteristics as related to social status of male southern mule deer.
Southwest. Nat. 31:289-298.



PHEROMONES OF MALE MOOSE 2759

BOWYER, R. T. 1991. Timing of parturition and lactation in southern mule deer. J. Mammal.
72:138-145.

BOWYER, R. T., and KITCHEN, D. W. 1987. Significance of scent-marking by Roosevelt elk. J. Mam-
mal. 68:418-423.

BOWYER, R. T., MANTECA, X., and HOYMORK, A. 1998a. Scent marking in American bison: Mor-
phological and spatial characteristics of wallows and rubbed trees. pp. 88-91, in L. R. Irby
and J. E. Knight (eds.). International Symposium on Bison Ecology and Management in North
America. Bozeman, Montana.

BOWYER, R. T., VAN BALLENBERGHE, V., and KIE, J. G. 1998b. Timing and synchrony of parturi-
tion in Alaskan moose: Long-term versus proximal effects of climate. J. Mammal. 79:1332—
1344.

BOWYER, R. T., VAN BALLENBERGHE, V., and RoCK, K. R. 1994. Scent marking by Alaskan moose:
Characteristics and spatial distribution of rubbed trees. Can. J. Zool. 72:2186-2192.

BRADBURY, J. W.,, and VEHRENCAMP, S. L. 1998. Principles of Animal Communication. Sinauer
Assoc., Sunderland, Massachusetts, 882 pp.

COBLENTZ, B. E. 1976. Functions of scent-urination in ungulates with special reference to feral goats
(Capra hircus L.). Am. Nat. 974:549-557.

CLUTTON-BROCK, T. H., GUINNESS, F. E., and ALBON, S. D. 1984. Individuals and populations:
The effects of social behaviour on population dynamics in deer. Proc. Roy. Soc. Edinb.
82B:275-290.

DAvID, J. H. M. 1973. The behavior of the bontebok (Damaliscus dorcas dorcas Pallas 1766), with
special reference to territorial behavior. Z. Tierpsychol. 33:38-107.

DARWIN, C. 1859. On the Origin of Species by Means of Natural Selection, or the Preservation of
Favoured Races in the Struggle for Life. John Murray, London 720 pp.

ESPMARK, Y. 1964. Rutting behaviour in reindeer (Rangifer tarandus L.). Anim. Behav. 12:159-163.

EsTES, R. D. 1967. The comparative behavior of Grant’s and Thomson’s gazelles. J. Mammal.
48:189-209.

ESTES, R. D. 1969. Territorial behavior of the wildebeest (Connochaetes taurinus Burchell 1832).
Z. Tierpsychol. 26:284-370.

EWER, R. F. 1968. Ethology of Mammals. Logos Press, London, 418 pp.

FAIRBANKS, W. S. 1993. Birthdate, birthweight, and survival in pronghorn fawns. J. Mammal.
74:129-135.

FRASER, A. F. 1968. Reproductive Behavior in Ungulates. Academic Press, London, 202 pp.

FRANZMANN, A. W., LeRESCHE, R. E., RAUSCH, R. A., and OLDEMEYER, J. D. 1978. Alaskan moose
measurements and weights and measurement-weight relationships. Can. J. Zool. 56:298-306.

GILBERT, B. K. 1973. Scent marking and territoriality in pronghorn (Antilocapra americana) in Yel-
lowstone Park. Mammalia 37:25-33.

GOSLING, L. M. 1987. Scent marking in an antelope lek territory. Anim. Behav. 35:620-622.

Goss, R. J. 1983. Deer Antlers: Regeneration, Function and Evolution. 1983. Academic Press, New
York, 316 pp.

HEATH, R. R., LANDOLT, P. J., DUEBEN, B. D., MURPHY, R. E., and SCHNEIDER, R. E. 1992. Identifi-
cation of male cabbage looper sex pheromone attractive to females. J. Chem. Ecol. 18:441-453.

1zARD, M. K., and VANDENBERGH, J. G. 1982. The effects of bull urine on puberty and calving date
in crossbred beef heifers. J. Anim. Sci. 55:1160-1168.

JOHANNSON, A., LIBERG, O., and WAHLSTROM, L. K. 1996. Temporal and physical characteristics
of scraping and rubbing in roe deer (Capreolus capreolus). J. Mammal. 76:123-129.

KEECH, M. A., BOWYER, R. T., VER HOEF, J. M., BOERTIE, R. D., DALE, B. W., and STEPHENSON,
T. R. 2000. Life-history consequences of maternal condition in Alaskan moose. J. Wildl. Man-
age. 64:450-462.

KITCHEN, D. W. 1974. Social behavior and ecology of the pronghorn. Wildl. Monogr. 38:1-96.



2760 WHITTLE, BOWYER, CLAUSEN, AND DUFFY

KojoLa, 1. 1991. Influence of age on the reproductive effort of male reindeer. J. Mammal.
72:208-210.

LENT, P. 1965. Rutting behaviour in a barren-ground caribou population. Anim. Behav. 13:259—
264.

LEUTHOLD, W. 1977. African Ungulates. Springer-Verlag, New York, 307 pp.

LEYDEN, J. J., KENNETH, M. D., MCcGINLEY, J., HOI1ZLE, E., LABOwS, J. N., and KLIGMAN, A. M.
1981. The microbiology of the human axilla and its relationship to axillary odor. J. Invest.
Dermatol. 77:413-416.

MARCHINTON, R. L., and HIRTH, D. H. 1984. Behavior, pp. 129-168 in L. K. Halls (ed.). White-tailed
Deer Ecology and Management. Stackpole Books, Harrisburg, Pennsylvania.

MARTIN, A. K. 1969. The urinary excretion of aromatic acids by starved sheep. Br J. Nutr
23:715-725.

MARTIN, A. K. 1970. The urinary aromatic acids excreted by sheep given S24 perennial ryegrass
cut at six stages of maturity. Br. J. Nutr. 24:943-959.

MARTIN, A. K. 1973. Urinary aromatic acid excretion by fed and fasted sheep in relation to protein
metabolism in the rumen. Br. J. Nutr. 30:251-267.

MARTIN, A. K. 1982. The origin of urinary aromatic compounds excreted by ruminants. The
metabolism of quinic, cyclohexancarboxyilc and non-phenolic acids to benzoic acid. Br. J. Nutr.
47:139-154.

MASSEL G., and BOWYER, R. T. 1999. Scent marking in fallow deer: Effects of lekking behavior on
rubbing and wallowing. J. Mammal. 80:633-638.

MATTINA, J. J. L., PIGNATELLO, J. J., and SWIHART, R. K. 1991. Identification of volatile components
of bobcat (Lynx rufus) urine. J. Chem. Ecol. 17:451-462.

MCcCULLOUGH, D. R. 1969. The tule elk: Its history, behavior, and ecology. Univ. Calif. Publ. Zool.
88:1-209.

MENZIES, R. A., HETH, G., IKAN, R., WEINSTEIN, V., and NEVO, E. 1992. Sexual pheromones in
lipids and other fractions from urine of the male mole rat (Spalax ehrenbergi). Physiol. Behav.
52:741-747.

MILLER, K. V., JEMIOLO, B., GASSETT, J. W., JELINEK, I., WIESLER, D., and NOVOTNY, M. 1998.
Putative chemical signals from white-tailed deer (Odocoileus virginianus): Social and seasonal
effects on urinary volatile excretion in males. J. Chem. Ecol. 24:673—682.

MIQUELLE, D. G. 1990. Why don’t bull moose eat during the rut? Behav. Ecol. Sociobiol.
27:145-151.

MIQUELLE, D. G. 1991. Are moose mice? The function of scent urination in moose. Am. Nat.
138:460-477.

MIQUELLE, D. G., and VAN BALLENBERGHE, V. 1985. The moose bell: A visual or olfactory com-
municator? Alces 21:191-213.

MOLLER, A. P. 1996. The cost of secondary sexual characters and the evolution of cost-reducing
traits. Ibis 138:112—119.

MOLVAR, E. M., and BOWYER, R. T. 1994. Costs and benefits of group living in a recently social
ungulate: The Alaskan moose. J. Mammal. 75:621-630.

MOSSING, T., and DAMBER, J. 1981. Rutting behavior and androgren variation in reindeer (Rangifer
tarandus L.). J. Chem. Ecol. 7:377-389.

MUELLER-SCHWARZE, D. 1969. Complexity and relative specificity in a mammalian pheromone.
Nature 223:525-526.

OEHLER, M. W., SR., JENKS, J. A., and BOWYER, R. T. 1995. Antler rubs by white-tailed deer: The
importance of trees in a prairie environment. Can. J. Zool. 73:1383-1386.

Passanisi, W. C., and MACDONALD, D. W. 1990. Group discrimination on the basis of urine in a
farm cat colony, pp. 337-345, in D. W. MacDonald, D. Miieller-Schwarze, and S. E. Natynczuk
(eds.). Chemical Signals in Vertebrates 5. Oxford University Press, Oxford.



PHEROMONES OF MALE MOOSE 2761

PFANDL, B., MORIKE, K., WINNE, D., SCHARECK, W., and BREYER-PFAFF, U. 1992. Stereoselective
inhibition of nortriptyline hydroxylation in man by quinidine. Xenobiotica 22:721-730.

POINDRON, P., LEvY, F., and KREHBIEL, D. 1988. Genital, olfactory, and endocrine interactions in the
development of maternal behavior in the parturient ewe. Psychoneuroendocrinology 13:99—-125.

POLIKARPOVA, E. F. 1945. The influence of external factors on the maturation of ova in sows. Ref.
Rab. Ucrezden. Otd. Biol. Nauk. U.S.S.R. 1941-43:214-216.

PorAN, N. S., TRIpOLI, R., and HALPERN, M. 1993a. Nuzzling in the gray short-trailed opposum II:
Familiarity and individual recognition. Physiol. Behav. 53:969-973.

PORAN, N. S., VANDOROS, A., and HALPERN, M. 1993b. Nuzzling in the gray short-tailed opossum
I: Delivery of odors to the vomeronasal organ. Physiol. Behav. 53:959-967.

RACHLOW, J. L., and BOWYER, R. T. 1994. Variability in maternal behavior by Dall’s sheep: Envi-
ronmental tracking or adaptive strategy? J. Mammal. 75:328-337.

RALLS, K. 1971. Mammalian scent marking. Science 171:443-449.

RASMUSSEN, L. E. L. 1988. Chemosensory responses in two species of elephants to constituents of
temporal gland secretion and musth urine. J. Chem. Ecol. 14:1687-1711.

RASMUSSEN, L. E. L., and PERIN, T. E. 1999. Physiological correlates of musth: Lipid metabolites
and chemical composition of exudates. Physiol. Behav. 67:539-549.

RASMUSSEN, L. E. L., SCHMIDT, M. J., and DAVIES, G. D. 1986. Chemical communication among
Asian elephants, pp. 627-645, in D. Duvall, D. Muller-Schwarze, and R. M. Silverstein (eds.).
Chemical Signals in Vertebrates 4: Ecology, Evolution, and Comparative Biology. Plenum Press,
New York.

RASMUSSEN, L. E. L., LEE, T. D., ZHANG, A., ROELOFS, W. L., and DAVES, G. D. 1997. Purification,
identification, concentration and bioactivity of (Z)-7-dodecen-1-yl acetate: Sex pheromone of
the female Asian elephant, Elephas maximus. Chem. Senses 22:417-4317.

SCHALLER, G. B. 1967. The Deer and the Tiger: A Study of Wildlife in India. University of Chicago
Press, Chicago, 370 pp.

ScHWARTZ, C. C. 1998. Reproduction, natality and growth, pp. 141-171, in A. W. Franzmann and
C. C. Schwartz (eds.). Ecology and Management of North American Moose. Smithsonian Insti-
tution Press, Washington, D.C.

ScHWARTZ, C. C., and HUNDERTMARK, K. J. 1993. Reproductive characteristics of Alaskan moose.
J. Wildl. Manage. 57:454—468.

ScHWARTZ, C. C., REGELIN, W. L., and FRANZMANN, A. W. 1987. Seasonal weight dynamics of
moose. Swed. Wildl. Res. Suppl. 1:301-310.

ScHWARTZ, C. C., BUBENIK, A. B., and CLAUS, R. 1990. Are sex-pheromones involved in moose
breeding behavior. Alces 26:104-107.

SILANIKOVE, N., and BROSH, A. 1989. Lignocellulose degradation and subsequent metabolism of
lignin fermentation products by the desert black Bedouin goat fed on wheat straw as a single-
component diet. Br. J. Nutr. 62:509-520.

SIRUGUE, D., BONNARD, O., LE QUERE, J., FARINE, J., and BROSSUT, R. 1992. 2-Methylthiazolidine
and 4-ethylguaiacol, male sex pheromone components of the cockroach (Nauphoeta cinerea)
(Dictyoptera, Blaberidae): A reinvestigation. J. Chem. Ecol. 18:2261-2276.

SPOELSTRA, S. F. 1978. Degradation of tyrosine in anaerobically stored piggery wastes in pig feces.
Appl. Environ. Microbiol. 36:631-638.

STERN, K., and MCCLINTOCK, M. K. 1998. Regulation of ovulation by human pheromones. Nature
392:177-179.

STEWART, K. M., BOWYER, R. T., KIE, J. G., and GASAWAY, W. C. 2000. Antler size relative to body
mass in moose: Tradeoffs associated with reproduction. Alces 36:77-83.

TABER, R. D., and DASMANN, R. F. 1958. The black-tailed deer of the chaparral: Its life history and
management in the north coast range of Calfornia. Calif. Fish Game Bull. 8:1-163.

VAN BALLENBERGHE, V. 1982. Growth and development of moose antlers in Alaska, pp. 3748, in



2762 WHITTLE, BOWYER, CLAUSEN, AND DUFFY

R. D. Brown (ed.). Antler Development in Cervidae. Caesar Kleberg Wildlife Research Institute,
Kingsville, Texas.

VAN BALLENBERGHE, V., and MIQUELLE, D. G. 1993. Mating in moose: Timing, behavior, and male
access patterns. Can. J. Zool. 71:1687-1690.

VANDENBERGH, J. G. 1983. Pheromones and Reproduction in Mammals. Academic Press, New York,
298 pp.

VERME, L. J., and OZ0GA, J. J. 1987. Induced early estrus in penned white-tailed deer does. J. Wildl.
Manage. 51:54-56.

WATSON, R. H., and RADFORD, H. M. 1960. Influence of rams on the onset of oestrous in Merino
ewes in the spring. Aust. J. Agric. Res. 2:65-71.

Woob, W. F., LEAHY, M. G., GALUN, R., PRESTWITHC, G. D., MEINWALD, J., PURNELL, R. E., and
PAYNE, R. C. 1975. Phenols as pheromones of ixodid ticks: A general phenomenon? J. Chem.
Ecol. 1:501-509.

YOUNG, B. A. 1993. Evaluating hypotheses for the transfer of stimulus particles to Jacobson’s organ
in snakes. Brain Behav. Evol. 41:203-209.

ZAHAVI, A. 1975. Mate selection—A selection for a handicap. J. Theor. Biol. 53:205-214.

ZAHAVI, A., and ZAHAVI, A. 1997. The Handicap Principle. Oxford Press, New York, 286 pp.



