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I. INTRODUCTION

Uniquely among social signals. scent marks are placed on objects in the
environment, often in the absence of any receiver. and may only be detected
much later, often in the absence of the signaler. This is curious because so-
cial odors in mammals can be transmitted directly from signaler to receiver
in a way that is closely analogous to the mode of action in other sensory
modalities. Examples include the rapid airborne transmission of volatiles
from the dorsal gland of springbok. Antidorcas marsupialis (Bigalke. 1972).
or the rump ¢land of pronghorn antelopes, Antilocapra americana (Moy.
1970). in antipredator contexts. Although animals clearly do not have time
to make scent marks when trying to evade predators, examples of this kind
show that divect transmission is possible. If so, why is scent-marking. the
most ubiquitous form of chemical signaling in the mammals, so curiously
indirect?” Why is information transmitted in a fashion which. in many ways,
appears to be highly inefficient? Signalers are often not present to reinforce
their scent signals in the way that is possible for visual or auditory signals and
often they cannot know whether a mark will be detected or who the recerver
will be. Scent marks may often be degraded before they can be detected.
for example by rain (Alberts, 1992). Despite these apparently severe limita-
tions. scent marks are a very common form of signaling by male mammals.
They occur in complex patterns, often involving hundreds of marks that are
regularly replenished in active marking and remarking sessions. Most male
mammals scent-mark and most, perhaps all, resource defense territories are
scent-marked. What information is transmitted by patterns of scent marks
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and what are the benefits of sending signals in this way that outweigh its
inefficiencies and account for its widespread role in mammalian intrasexual
competition?

Here, we review the development of one idea that addresses this problem,
namely that scent-marking by resource holders provides a means of competi-
tor assessment. This idea takes advantage of the theoretical advances made
in understanding competitive interactions between individuals, particularly
in terms of game theory and competitor assessment (Parker, 1974; Parker
and Rubenstein, 1981; Maynard Smith, 1982, 1996). It has been developed
explicitly over the past 20 years (Gosling, 1982, 1990; Richardson, 1993) and
was implicit in earlier treatments of scent-marking (Uexkiill and Kriszat,
1934; Hediger, 1949; Geist, 1965; Mykytowycz, 1965, 1970, 1973, 1975; Ralls,
1971; Richter, 1972). The empirical basis for this development is a large
body of observational and experimental work that links scent-marking and
male intrasexual competition, and, in the following section, we review this
evidence. The notion that scent marks allow assessment by potential oppo-
nents is an interpretation rooted in evolutionary theory rather than a new
idea. It also has the advantage of providing a unified theoretical basis for
what appears to be a unitary phenomenon. Alternative explanations have
been reviewed elsewhere (Gosling, 1982; Brown and Macdonald, 1985) and
will not be considered here.

The link between scent-marking and territoriality has been helpful in
drawing attention to the association between scent-marking and male in-
trasexual competition, but it is not an obligate one (although the converse,
anobligate link between territoriality and scent-marking, may be true). Ralls
(1971) noted that scent-marking occurs in a similar form in both territorial
and dominance mating systems and argued against a simple link with area de-
fense. Her more general alternative, that in both cases, scent marks function
as threats, i1s reminiscent of the earlier idea that scent marks in territories
function as extensions of the owner’s body, even in its absence (Hediger,
1949; Geist, 1965). The problem with such ideas is that many intruders ap-
pear to be undeterred by scent marks. They smell the marks but then move
on through the territory or stay to use its resources. This difficulty can be
removed by using a more fundamental view of a threat, namely that it signals
fitness costs to a receiver (Gosling, 1990). Scent marks can thus be regarded
as signaling fitness costs to an animal that detects them (in the absence of the
signaler), where these costs are a product of the probability that the signaler
will return and its relative competitive ability. The receiver’s decision will be
influenced by these costs but it should also take into account other factors
such as the relative value of the marked resources to both individuals.

Given the indirect nature of signaling by scent marks, how do signalers en-
sure that marks are detected by their competitors? We review the evidence
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that males place marks to intercept their intended receivers and we also pose
the question of whether receivers seek out marks. This is a possibility be-
cause receivers may benefit if they can more accurately assess their chances
of success in future contests and thus adjust the risks they take. Such deci-
sions could in turn affect the economics of territory defense in a way that
depends on the proportion of competitors that opt to avoid contests with
the signaler. Next we consider how receivers assess the competitive ability
of signalers from scent marks. Reflecting the current literature, we subdivide
this treatment into mechanisms appropriate for decisions made without ever
meeting the signaler and decisions deferred until after meeting the signaler.
In the latter case we again ask what information receivers can get from scent
marks that they cannot get directly from the signaler.

These questions have implications for general ideas about signal honesty
and we review the evidence for the views that scent marks are signals of
status or condition-dependent signals. Whereas this review leads us to think
that patterns of marks could provide a cheat-proof record of social status,
recent information suggests that scent-marking may also have large intrinsic
costs and that signal costs may trade-off against life-history traits including
growth and reproductive tenure. Paradoxically, scent-marking could also
reduce the costs of area defense if many receivers decide to avoid escalated
contests (Gosling. 1986a). We discuss the implications of these reduced costs
of area defense for the evolution of resource-defense mating systems.

Recent developments in social signaling have focused attention on the
possibility that individuals may intercept signals that are being sent between
two other animals. to their own advantage (McGregor, 1993: Johnstone,
1998). This behavior is called eavesdropping. For example, predators such
as frog-eating bats may use the mating calls of frogs to locate their prey
(Tuttle and Ryan, 1981). Scent marks are very persistent signals and the
interval between placing a mark and its reception is often long. Because
of this, scent-marking provides exceptional opportunities for eavesdropping
by animals who are not the principal target of the signal. Eavesdropping
by predators and parasites may place important constraints on status adver-
tisement by scent-marking. Eavesdropping by male competitors could be a
significant selective force in the evolution of scent-marking but it has not
been investigated.

It could also be argued that eavesdropping by female mammals on scent
marks is an important mechanism {or assessing the quality of potential mates.
Although the strong association between scent-marking and male intrasex-
ual competition suggests that the primary targets for the information carried
in scent marks are male competitors, female mammals are the higher invest-
ing sex and should be more choosy than males about mate quality (Trivers,
1972). Thus, if scent marks are signals of quality, it might be expected that
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females would use this information to assess mate quality, even if they also
use odors directly from the body of the signaler at a later stage. The al-
ternative is that scent marks signal directly to females. This is not a trivial
distinction because it deals with the extent to which female receiver psychol-
ogy has shaped the design of scent marks.

But, regardless of which of these alternatives is correct, there is a large
body of information showing that females respond to the information in
scent marks. Females show physiological (priming) responses and behavioral
preferences in relation to the familiarity and status of the male odor donor.
Most recently, females have been shown to use odor mediated by the major
histocompatibility complex of genes (MHC) to choose mates in relation to
their genetic relatedness (Yamazaki et al., 1976; Jordan and Bruford, 1998;
Penn and Potts, 1999) and to use odor to distinguish healthy and diseased
mates (Penn and Potts, 1998). Most of these studies have been on mice
and most use male urine or soiled bedding, but how does this relate to
scent-marking? The only studies that explicitly use scent marks are those
showing that females compare the odor of a potential mate with marks
previously found in the environment to select mates (Reece-Engel, 1990;
Johnston et al, 1997a,b; Rich and Hurst, 1998, 1999; Ferkin et al., 1999).
Do females obtain information about mate quality using such mechanisms
and, if so, how do they trade-off quality against information about genetic
relatedness or disease status?

II. SceENT-MARKING AND COMPETITION BETWEEN MALES

The link between male scent-marking behavior and intrasexual competi-
tion is well established and is seen most directly in the common occurrence of
marking during contests. The aptly named “stink fights” between groups of
sifakas, Propithecus verreauxi, a territorial lemur, are a well-known example
(Jolly, 1966). Many of the boundary encounters between male antelopes in
neighboring territories consist mainly of ritualized exchanges in which males
alternately scent-mark and attempt to remove the marks of their opponent
(e.g., wildebeest, Connochaetes taurinus; Estes, 1969). In view of this link it is
not surprising that scent-marking and the glands that contribute specialized
products to marks are androgen-dependent. This dependence, which has
been demonstrated by castration and androgen restoration (Bronson and
Whitten, 1968; Mugford and Nowell, 1970; Jones and Nowell, 1973, 1974),
extends to the chemical constituents of marks that are known to function in
agonistic contexts (Novotny et al., 1984; Harvey et al., 1989).

While there is a clear and well-documented association between scent-
marking and the defense of territories, Ralls (1971) noted that marking is
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also common by males in dominance mating systems. She suggested that, in
both cases, scent marks may act as a kind of threat. If this is the case, then
marks perhaps signal potential fitness costs to opponents in general rather
than just to intruders into territories (Gosling, 1990). If the signaler is absent
when the receiver detects a mark, these costs will depend on the probability
that the signaler will return, its relative competitive ability, and the relative
value of any marked resources to the two individuals (see Section IV.A).
The involvement of these various factors may explain why the responses of
intruders to scent marks is so variable. Some intruders into territories appear
to be undeterred by scent marks. They smell the marks but then move on
through the territory or stay to use its resources. In other cases, best known
from studies of mice, males avoid scent-marked substrates, especially when
they are of low competitive ability (Gosling et al., 1996a,b) or when the
scent is from dominant males (Jones and Nowell, 1989; Hurst, 1993), and
are more reluctant to risk or prolong fights with males whose scent sug-
gests that they are territory owners (Gosling and McKay, 1990; Hurst et al.,
1994).

Further, there is generally a correlation between marking frequency and
social status. Resource holders, both territorial males and dominant males in
dominance mating systems, in general mark more than nonresource holders
(Miller et al., 1987; Rozenfeld et al., 1987; Hurst, 1990; Allen et al., 1999).
This distinction is not always simple, perhaps because there is expected to
be greater variance in scent-marking rates (and any form of status signaling)
within nonresource holders than within resource holders: the latter have
passed through a competitive filter and should be relatively homogeneous.
In addition, the scent-marking rates of young males have been found to be
the best predictor of intrasexual dominance in later life (Collins et al., 1997).

Further evidence for a link between scent-marking and competition is that
investment in marking appears to be regulated by the level of threat from po-
tential opponents. Thus, marks in territories are more dense where the threat
of intrusion is greatest (e.g., Thomson’s gazelle, Gazella thomsoni: Walther,
1978; klipspringer, Oreotragus oreotragus: Roberts and Lowen, 1997). Intru-
sion from competitors may sometimes be confounded by visits by potential
mates but a recent study of oribi, Qurebia ourebia, avoids this complication.
Brashares and Arcese (1999a) found that territorial males marked at com-
mon boundaries in relation to the number of male helpers in neighboring
territories but not in relation to numbers of females. Investment in marking
may also reflect the overall level of competition in a population: in coypus,
Myocastor coypus, the mean size of the anal gland used for territorial mark-
ing is predicted by estimates of the number of male competitors entering the
population but not by that of potential mates (Gosling and Wright, 1984).
Similarly, male mice housed adjacent to other males were found to develop
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larger preputial glands (which are known to be important in scent-marking
and maintaining dominance relationships: Bronson and Marsden, 1973;
Yamashita et al., 1989; Novotny et al., 1990; Collins et al., 1997), whereas
the glands of those housed next to females became smaller (Hayashi, 1986).
Investment in marking also appears to be adjusted in relation to the resource-
holding potential (RHP) of individual opponents. Dominant male mice that
are smaller than their subordinate partners have higher marking rates and
larger preputial glands than dominant males that are larger than their part-
ners, suggesting that a higher rate of scent-marking can compensate for
relatively low RHP (Gosling et al., 2000).

Lastly, males appear to use scent-marking when trying to take over terri-
tories. Male hartebeest that find vacant territories intensively mark the dung
piles in the territory, often giving this high priority even when involved in
contests with invasion by neighboring males (Gosling, 1974). Male harte-
beest also try to take over territories by daily intrusion in a target territory
from small temporary territories nearby. During such intrusions they sys-
tematically mark at dung piles rather than confronting the resident male.
The resident male follows, paws away the new marks, and replaces them
with its own before chasing after the intruder. Again, marking appears to
receive higher priority than aggression. Over a period of days or weeks the
invading male sometimes takes over ownership of the territory having ap-
parently succeeded in a process of attrition. In similar fashion, scent-marking
on territories by intruding aardwolves, Proteles cristatus, prior to the mating
season, may be a prelude to challenge for ownership or mating opportunities
(Richardson, 1987, 1991).

III. How Do SiGNALERS ENSURE THAT THEIR SCENT MARKS
ARE DETECTED?

Most of this review deals with the kinds of information signalers transmit to
intended receivers through their scent marks, and on how receivers respond
to this information. In this section, however, we outline some of the specific
problems associated with the process of signal transmission and detection
through the use of scent marks. How do signalers ensure that their scent
marks are detected by their intended receivers and how does this elicit an
appropriate response? In an influential paper, Guilford and Dawkins (1991)
coined the phrase “receiver psychology” to describe ways in which the en-
vironment and sensory capabilities of receivers act as important agents of
selection on signal design (Endler, 1993; Guilford and Dawkins, 1993; Endler
and Basolo, 1998; Rowe, 1999). As this section illustrates, scent marks as sig-
nals impose several particular constraints that are quite distinct from those
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relevant to acoustic or visual signals: signalers that use scent marks must be
exceptionally good receiver psychologists.

A. TeMPORAL VARIATION IN EFFICACY

The crucial parameter of temporal variation for scent-marking signalers
is the mark’s persistence time, the interval between deposition and the time
when the mark can no longer be detected (Bossert and Wilson, 1963; Alberts,
1992). The most widespread solution to the problem of scent-mark decay is
the inclusion of relatively larger molecules than in other types of chemical
signal and Alberts (1992) found that territorial scent marks were of larger
molecular mass than, for example, alarm signals. In most socially function-
ing mammalian integumental glands there are both apocrine and sebaceous
components (see reviews in Grau, 1976; Adams, 1980; Albone, 1984), the
latter mainly contributing large lipids (Dryden and Conaway, 1967; Gorman
et al., 1974). Other secretions contain lipocalin protein molecules (Singer
and Macrides, 1992). Whereas large molecular mass will in itself result in
lower volatility and increased persistence (Bossert and Wilson, 1963), large
molecules are thought to act as vehicles for volatile constituents in scent
secretion (Bacchini and Gaetani, 1992; Bacchini et al., 1992; Ryg et al., 1992;
Robertson et al., 1993) and may act as a controlled release system to regu-
late their emission (Regnier and Goodwin, 1977; Hurst et al., 1998). Recent
evidence has, however, suggested that the major urinary proteins (MUPs) in
mouse scent marks are an integral part of the signal itself, stimulating coun-
termarking by receivers, whereas the volatiles they release do not, perhaps
serving instead to attract receivers to the marks (Humphries et al., 1999).

A small number of studies have estimated persistence times by observing
responses of receivers to scent marks of known age. As it is difficult to prove
that marks are no longer detectable, these studies use the interval between
deposition and the time when the mark fails to elicit a response as a rea-
sonable estimate of effective persistence. Urine of dominant male mice is
avoided by subordinates for up to 48 h but its aversive properties had disap-
peared after 72 h (Jones and Nowell, 1977). However, scent marks appeared
toremain active for as long as 7 days in klipspringer antelope (Roberts, 1998),
10 days in dwarf mongooses, Helogale parvula (Rasa, 1973), and 100 days in
hamsters, Mesocricetus auratus (Johnston and Schmidt, 1979), whereas odor
from anal gland marks of hyenids can be detected even by humans after 1 to
6 months (Gorman and Mills, 1984; Apps et al., 1989). In female house mice,
Mus domesticus, two urinary pheromones elicit ultrasonic vocalizations from
males, one of which loses efficacy within 18 h, whereas the other lasts up to
30 days (Sipos et al., 1993, 1995). Persistence times of meadow vole, Micro-
tus pennsylvanicus, posterolateral and anogenital scents similarly vary, and
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there also appear to be sex differences, with anogenital scent from females
and males producing responses up to 10 and 25 days, respectively (Ferkin
et al., 1995).

The extent to which receivers can accurately discriminate information con-
veyed by aged, yet detectable, scent marks, remains unclear. Signal degra-
dation appears to at least permit receivers to estimate the age of the mark.
Indeed brown hyena, Hyaena brunnea, scent marks may explicitly offer this
information to receivers. Hyenas deposit two discrete scent secretions each
time they mark: a sebaceous portion and a volatile apocrine one. Mills et al.
(1980) interpreted this as a possible bifunctional mechanism, where the more
persistent sebaceous portion provides information about identity and status,
while the apocrine secretion mainly allows receivers to estimate the age of the
mark and, thus, how recently the owner had left. Differential responses to the
age of scent marks by receivers have been shown in recent studies to influ-
ence the perceived threat of encounter with competitors (Roberts, 1998) and
the attractiveness of potential mates to females, where individuals deposit-
ing more recent scent were preferred (Ferkin ef al., 1995; Rich and Hurst,
1999), perhaps because this provides the most up to date, or least corrupted,
information.

When receivers approach scent marks, they often sniff and lick the scent
deposit (Brown and Macdonald, 1985; Idris, 1994; Roberts, 1998). Alberts
(1992) has suggested that by introducing moisture in this way, receivers elicit
a release of chemicals from the mark and that a series of investigations may
thus cause repeated rise and fade-out cycles from a single mark.

B. SeatiaL RANGE

The trade-off between odor persistence (which as we have seen results
in scent marks of low or controlled volatility) and detectable range (which
is directly related to volatility) means that in most scent marks, detection
is frequently probabilistic and depends largely on the interaction between
movements of intended receivers and the spatial deployment of scent marks.
The economic theory of scent-marking (Gosling, 1981, 1986a) was developed
in recognition of this fact and the time and energy constraints under which
signalers operate. Measuring the distance over which scent marks are de-
tected is problematic, especially outside of the laboratory, as a number of
factors will influence detectability (see following section). However Miiller-
Schwarze (1974) estimated a detection distance of about 2-5 m in black-
tailed deer, Odocoileus hemionus columbianus, and it seems likely that, at
least in larger mammals, distances will be measured in meters, rather than
tens of meters. This is in stark contrast to other forms of olfactory signal,
notably the insect mate attractant pheromones, which often function over
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ranges of hundreds of meters (Caro, 1982; Boake et al.,, 1996; Zhang and
Schlyter, 1996).

C. SpaTiAL DEPLOYMENT AND RECEIVER INTERCEPTION

As spatial range of scent marks is typically low, Gosling (1981) stressed
the importance of optimal spatial deployment of a limited number of marks
across territories, so that they were positioned where they were most likely to
intercept intruders (see Fig. 1). Studies that have examined the distribution
of scent marks within a territory have usually found that they are either clus-
tered at the territory boundary or toward its center. Perimeter marking has
been described in several taxa, including hyenids (Kruuk, 1972; Richardson,
1991), viverrids (Bearder and Randall, 1978), canids (Macdonald, 1979;
White et al.,, 1989; Allen et al, 1999), mustelids (Roper et al.,, 1986, 1993;
Pigozzi, 1990), felids (Smith er al, 1989), rodents (Bel et al, 1995; Boero,
1995; Rosell et al., 1998), and artiodactyls (Gilbert, 1973; Franklin, 1974;
Gosling, 1981, 1987; Sun et al, 1994). Dung middens in particular are of-
ten placed at the perimeter (Hendrichs and Hendrichs, 1971; Dunbar and
Dunbar, 1974; Walther, 1978; Ono et al., 1988; Brashares and Arcese, 1999b).
Marking toward the core, or hinterland (Mills et al., 1980), is perhaps less
striking and is reported less frequently than perimeter marking. It occurs
in preorbital gland marking of small antelopes (Hendrichs and Hendrichs,
1971; Norton, 1980; Ono et al., 1988) and under some circumstances in bad-
gers (Meles meles: Roper et al., 1993), but is best documented in studies of

F1c. 1. Map of the scent marks in the territory of a gerenuk, Litocranius walleri. The oval of
marks and radiating arms may be designed to intercept the movements of competitors moving
into the territory. The pattern is shown using a nearest-neighbor mapping technique. Redrawn
from Gosling (1981).
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hyenids (Mills et al, 1980; Mills, 1983; Gorman and Mills, 1984; Mills and
Gorman, 1987; Gorman, 1990; Richardson, 1991).

The shift from predominantly peripheral to predominantly core marking
appears to be dependent on the increasing size of the scent-marked area. For
example, hyenas living in large clans with small territories mark along the
perimeter, but ecologically stressed populations, living in small clans and
very large territories, mark toward the territory center. Scent-mark den-
sity is also correlated with smaller territory sizes (Richardson, 1991). These
trends occur both within and across species and indicate that the marking
strategy is not species-specific but dependent on ecological factors that dic-
tate the optimal distribution of scent (Gorman and Mills, 1984; Gorman,
1990). The trends are also consistent with predictions from scent-marking
economics; owners of smaller territories can scent-mark at the boundary be-
cause the distances between marks are small and the chance of intruders (or
potential mates) missing them as they encroach are small. As territory size
expands, intermark distances and thus the number of missed detections also
increase and, in consequence, a greater proportion of marks are placed to-
ward the core (Gorman, 1990). An attempt to formalize this trend was made
by Roberts and Lowen (1997) using an analytical model that examined
a territory owner’s trade-off between minimizing the cost of an intrusion
(estimated by calculating the average area available to intruders before de-
tecting a scent mark) and maximizing the probability of mark detection by
the intruder. They found a surprisingly robust relationship between the two
variables such that intrusion costs were minimized when a ring of scent marks
was positioned at approximately 0.8 of the territory radius. This appears to
be because, although positioning the ring closer to the territory center would
reduce the likelihood of intruders missing a mark as it passed through the
ring, the chances of an intruder missing the ring altogether were increased if
it traveled at an oblique angle to the center (cf. Gosling, 1981). Roberts and
Lowen (1997) suggest that marks surplus to those required for the optimally
positioned ring are therefore added toward the periphery in small territories
and toward the core with increasing territory size.

This kind of approach assumes for simplicity that movements of receivers
are probabilistic and random across spatially homogeneous territories. In
reality, marks are positioned in ways that are more sensitive to intruder
movements. The most notable example is the obvious tendency for marks to
be placed along trails and pathways (e.g., Peters and Mech, 1975; Gosling,
1981, 1985; Smith et al.,, 1989; Sun et al, 1994). The strength of this ten-
dency is likely to be correlated with habitat heterogeneity, particularly in
relation to topographical features, which effectively channel animal move-
ments. Nonetheless, the probabilistic approach is useful in understanding
the kinds of constraints operating on signalers, particularly if a proportion
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of intrusions occurs away from trails (e.g., while feeding), where habitats
are relatively homogeneous or where a large number of trails intersect the
territory; indeed, when trail density is sufficiently high, intruder movements
will approximate randomness.

In addition to marking along trails, marks are more likely to intercept in-
truders if they are clustered along particular boundary areas frequented or
contested by receivers (e.g., Walther, 1978; Roberts and Lowen, 1997) or if
they adjoin territories whose residents pose a greater threat than elsewhere
(Brashares and Arcese, 1999a). Such deployment can be flexible to adapt
to changing social circumstances, as illustrated by switching of latrine loca-
tion in response to experimental manipulation of intruder pressure in the
solitary and territorial blind mole-rat, Spalax ehrenbergi (Zuri et al., 1997).
Lastly, scent marks may be concentrated around especially clumped and
contested resources, such as near the burrows of alpine marmots, Marmota
marmota (Bel et al., 1995; Boero, 1995) and badgers (Roper ez al., 1986). Al-
though it could be argued that these patterns simply reflect where animals
spend most of their time, several observations suggest that animals fre-
quently travel to certain areas specifically to scent-mark them before return-
ing or moving elsewhere. Boundary scent-marking patrols are one example
(e.g., Gilbert, 1973; Tilson and Tilson, 1986), especially if there is evidence
of a recent intrusion from a particular boundary (Sliwa and Richardson,
1998).

D. Do RecCeIVERS SEEK OUT SCENT MARKS?

The economics of scent-marking would be transformed if instead of
having to place scent marks where receivers might pass, the receivers could
be relied on to seek out the marks. Theoretically, such behavior should only
evolve if there is a fitness benefit for receivers that outweighs any costs of
searching. A benefit of this kind seems likely because, if marks signal RHPF,
then receivers should benefit from being able to assess the competitive abil-
ity of the signaler and use this information to reduce the costs of contests.
Thus, it would be expected that receivers should actively seek out marks.
Empirical evidence shows that this is often the case. For example, Miiller-
Schwarze (1974) observed that both captive and wild black-tailed deer search
for scent marks after entering a new area. In ring-tailed lemurs, Lemur catta,
which were free-ranging within a large enclosure, 62% of scent marks were
investigated within 10 min, with a median latency of only 30 s (Kappeler,
1998).

If signalers can rely on receivers to seek out marks, then it might be ex-
pected that signalers would advertise their presence (Roberts and Gosling, in
press). Twosorts of behavior are consistent with this expectation. First, marks
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are placed in locally conspicuous places and may be multimodal (Rowe,
1999), with a strong visual component contributing to the detectability of
the olfactory signal (Alberts, 1992; Roberts, 1997). For example, klipspringer
antelopes prefer to scent-mark on dead trees or branches (mainly of pre-
ferred food species) where there are few leaves, most commonly in an area
slightly elevated above its surroundings and immediately above a signifi-
cant break in slope: receivers may thus form a visual search image of likely
scent-marked sites (Roberts, 1997). Signalers may also manufacture suit-
able marking sites where there are none locally available (Gosling, 1972),
go to strenuous lengths to place marks as far from the ground as possi-
ble to maximize active range (Rasa, 1973; Peters and Mech, 1975; Roberts,
1997), or contribute to signaling sites used by other species (Gosling, 1980;
Paquet, 1991), thus gaining in detectability without compromising associated
benefits.

Second, many signalers actively create visual anomalies, for example by
disturbing vegetation by antler thrashing near scent marks, or marking the
ground by pawing and scraping with claws or hooves (Gilbert, 1973; Johans-
son and Liberg, 1996). In some felids and ungulates (Graf, 1956; Barette,
1977; Bowyer et al., 1994; Feldman, 1994), signalers damage or tear off strips
of bark before marking, creating visible wounds to trees at scent-marking
sites. Although such wounds might, in some cases, serve to prolong mark
persistence, they are generally separate from the secretion and thus appear
to be unrelated to the olfactory function of the marks. There is no evidence
that receivers are attracted to such visual features, but it would be difficult
to explain their widespread existence if receivers did not respond to them.

These behaviors could increase the detectability of marks, in the first case
by providing a conventional site at which a receiver is more likely to find a
mark than elsewhere, and in the second by reinforcing the visual element
of scent-mark location, further drawing the attention of receivers to the
marks. They might also make the mark more memorable by providing a
component of the signal in an additional sensory modality. If these visual
features function wholly or partly as advertisements, then signalers may be
subverting the advantage of assessment to opponents. Because competitors
are prepared to incur the costs of seeking out marks, signalers should be able
to mark at lower density (Roberts and Gosling, in press).

An alternative to the idea that such behavior advertises scent marks is
that costly, perhaps condition-dependent signals reinforce the status sig-
nal in the scent mark. Behaviors such as pawing or antler thrashing would
be more likely to function in this way than placing marks at conspicu-
ous and/or conventional sites. However, there could also be indirect costs
of putting marks at conventional sites such as energetic costs of reaching
them.
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IV. How Do ReceIveErs UsSe SCENT MARKS TO ASSESS SIGNALERS?

A. BACKGROUND TO THE RECEIVER’S RESPONSE TO SCENT MARKS

A unique characteristic of scent marks as a social signal is that receivers
often encounter the signal in the absence of the signaler. Because responses
to social signals may be influenced by the chance of reinforcement (for ex-
ample, the chance that a threat will be followed up by attack), the question
arises, why do receivers respond to scent marks at all? The answer must be
that there is a probability that the signaler will return or that the receiver
will encounter it if it proceeds. The difference from a nonolfactory signal
is thus one of degree not of kind, although the lack of any immediate rein-
forcement gives the receiver an option for delaying its response. The second
factor that should influence the receiver’s decision is the cost of a contest
with the signaler. This will depend principally on relative competitive ability
(RHP) andresource value. In general, the RHP of resource holdersis greater
than that of nonresource holders but the degree of the difference will affect
the costs of the contest. For example, some animals of very low quality may
opt to avoid all signalers—they would be unlikely to be able to take over
ownership of a resource and so any costs of contests would outweigh the
benefits. Alternatively, some high quality individuals might be prepared to
incur high costs in assessing an opponent because the benefits are potentially
high.

In general, receivers should withdraw from a scent-marked area when:

p(Cx RHPFs - Vs/RHPr - V) > (1 — p) W&, (1)

where p = probability of meeting the signaler; C = costs of an average
contest; RH Ps = RH P of signaler; V5 = value of the resource to the signaler;
RHPr = RHP of receiver; and Vg = value of the resource to the receiver.

Inreality, the value of the resource to the receiver is complex. For example,
it is important to distinguish situations where the receiver only intends to use
the defended resources in the absence of the signaler (for example, to feed)
and those where it intends to try to take over ownership of the resources.
The second alternative will usually involve costly escalated contests because
resource value is high.

Thus, while the receiver’s decision depends on a complex of factors, cru-
cially it needs to assess the competitive ability of the signaler. However,
receivers will vary in the accuracy of the information that they need, de-
pending on the likely net benefits or costs. Some decisions can be made in
the absence of the signaler and some can be deferred until after meeting
it. But how could scent marks provide information that allows receivers to
assess signalers in these two contexts? We will review the evidence for the



182 L. M. GOSLING AND S. C. ROBERTS

mechanisms that have been identified and then evaluate the benefits and
costs of these mechanisms.

B. DECISIONS IN THE ABSENCE OF THE SIGNALER
1. Intrinsic Meaning

Scent marks can potentially give information to receivers in the absence
of any knowledge about the signalers themselves and without any further
encounter with the signaler. The simplest information is that a signaler has
been present in the area. But although there is evidence that animals avoid
scent-marked areas even when they have had no contact with the signalers,
it is difficult to exclude the possibility that they have used additional infor-
mation. However, it is possible to imagine that where the receiver’s RHP is
low and the value of the defended resource is low, then any potential costs
will outweigh the benefits and the receiver should move to a different area.
Additional characteristics on a scale of increasing complexity of informa-
tion are those of mark abundance, freshness, and the regularity with which
marking sites are remarked. Marks also contain chemical information and
here the best data are from mice. The scent marks of dominant male mice
have stronger aversive properties than those of subordinate males and cas-
trates (Jones and Nowell, 1973, 1989). A number of androgen-dependent
volatile compounds, particularly terpenes, thiazole, and brevicomin, have
been identified that appear to be responsible for this response (Novotny
et al., 1990b; Bacchini et al., 1992; Robertson et al., 1993; Hurst et al., 1998).
There is, thus, some evidence that receivers use intrinsic properties of marks
to make decisions about use of space. However, real-world observations
show that many, perhaps most, animals that detect marks do not leave the
marked area (Gosling, 1982; Simons et al., 1997). Indeed this may often be
impossible because marks are so widespread.

Intrinsic information in scent marks is not sufficient to make a decision
about whether or not to leave a scent-marked area. Receivers also need to
compare their own competitive ability with that of the individual who made
the scent mark, a process analogous to estimating relatedness through self-
referent phenotype matching (Heth ez al., 1998; Mateo and Johnston, 2000a).
Experiments on mice provide the best empirical evidence, albeit indirect, for
the existence of this mechanism. The finding that subordinate mice are more
likely to avoid scent-marked areas than dominant mice (Jones and Nowell,
1989) at first appears to support such a mechanism, but the subjects could
have been negatively conditioned to the odors (general, not individual) that
were present when they became subordinate. However, on the assumption
that body size reflected competitive ability, Gosling et al. (1996a,b) showed
that small adult male mice were more likely to avoid scent-marked areas
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than large ones. The males in these experiments were raised in isolation,
suggesting that they may recognize their own competitive ability innately.
Extensive studies, conducted mainly on mice, have shown recently that
receivers can infer the genetic relatedness of the signaler from odors me-
diated by the MHC part of the genome (reviewed by Jordan and Bruford,
1998; Penn and Potts, 1999) and also its disease status (reviewed by Penn and
Potts, 1998). Such investigations usually focus on a mate choice paradigm
but intrinsic information about disease status and relatedness could also be
selected for as signals of quality to same-sex competitors. For example, social
odors could honestly signal quality if it was too costly for a sick animal to
fake a healthy odor. Males should also modify their status signals and thus
their competitive behavior in relation to their genetic relatedness (John-
stone, 1998). Information about relatedness and disease status is conveyed
by volatile chemicals carried in urine and is thus potentially placed in scent
marks. However. no studies have tried to integrate the information available
to receivers from patterns of marks and their androgen-dependent volatiles
with the chemical information available about disease status (potentially
redundant) and that about genetic relatedness (potentially additive).

2. Learned Association

Receivers could also assess the potential costs of meeting the signaler
from a learned association between the smell of the mark and the memory
of previous contests with the individuals that made the marks. The outcome
of these contests could allow predictions about the costs of future meetings
with the same individual and receivers could opt to leave the marked area
when these costs outweigh the benefits of using the marked resource.

There are a number of prerequisites for the existence of this mechanism.
First. subjects must be able to distinguish between the odors of individual
conspecifics. This ability has been demonstrated in numerous species in sev-
eral taxa (reviewed by Halpin. 1980. 1986, and by Voznessenskaya et al., 1992;
see also Johnston er al., 1993: Wilcox and Johnston, 1995). Individual odors
may also be recognized across species (e.g., Beauchamp er al., 1985: Johnston
and Robinson, 1993; Settle ¢r al., 1994). Individual variation in mouse odors
hasbeen linked to genetic variation and in particular to variation in the MHC
region of the genome. Mice can be trained to discriminate nearly identical
mice that differ only at the MHC, whereas they cannot distinguish between
genetically identical mice (Brown er al., 1987, 1990; see also Nevison et al.,
2000). The chemicals responsible for these distinctive odors are carried in
urine and appear to be a mixture of volatile carboxylic acids, which vary in
their relative proportions in each individual (Singer et al,, 1997). However,
it should be emphasized that demonstrations of sensory capacity cannot
be used directly to infer how information about individuality is used. For
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example, the capacity to discriminate at the level of the individual is also
needed for scent-matching (see Section IV. C. 2) a mechanism that does not
require past knowledge of individual behavior.

The second prerequisite for individual learning is that receivers can
remember the smell of individuals they have encountered in the past. This
has been shown in experiments by Roeder (1983), in which two female
genets, Genetta geneita, were found to be able to remember scent marks of
males for between 9 and 12 weeks. With larger sample sizes. Johnston (1993)
has shown that the length of time over which individual flank gland odors
can be remembered {assessed using habituation methods) is at least 10 days
in hamsters, whereas there are indications of memory ior up to 4 weeks
in guinea pigs { Beauchamp and Wellington, [984). 1t has been shown that
Belding’s ground squirrels. Spermophulus beidingi, can 2ven remember fa-
miliar versus untamiiiar social odors {from the oral gland) after overwinter
atbernation (Mateo and Johnston. 2000b 1. Subordinale male mice are more
likely to avoid the urine odor of a dominant male that defeated them than
an unfamiliar odor {Carr er al, 1970). Memorizing individual odors seems
most likely, at least in theory, in the case of animals that meet frequently
{as with those that live in closed social groups or in neighboring territo-
ries). However. there must be limits imposed bv the number of potential
opponents and the dvnamics of changing status within zroups. No studies
appear o have been carried out on these constraints on adaptive patterns
of individual recognition.

C. DEgcisioNs DEFERRED UNTIL AFTER MEETING THE SIGNALER
. inamidation

A number of authors have suggested that scent marks may alter the psy-
chological state of the signaler and/or receiver such that the confidence
cf the signaler is enhanced and the receiver is intimidated (Geist, 1965:
Mykytowycz, 16635 Richardson. 1993: Sliwa and Richardson. 1998). Al-
though the identification of subjective states cannot be tested directly. they
can theoretically be linked to behavioral consequences that can then be
tested. However, unfortunately there are no cases where predictions of this
hvpothesis can be separated from those made from the other candidate
mechanisms. Rather it seems to be adopted as an explanation when alterna-
tives have been either excluded or, more commonly. not considered. [t may
be best to regard ideas about intimidation as suggestions about the mental
state of animals that make adaptive decisions based on intrinsic informa-
tion, learned association, and/or scent-matching, rather than as a separate
mechanism.
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2. Scent-Matching

The receiver could memorize the smell of the scent marks as it enters a
new area and compare this odor with that of any potential opponent that it
meets. When the scents matched, the male would know that the opponent
was of high status and, depending on its own relative competitive ability and
the value of the marked resource, it could withdraw from the encounter at
an appropriate stage (Gosling, 1982). Resource holders would benefit from
the reduced costs due to these decisions (see the following).

There are a number of prerequisites for the existence of scent-matching
and these have interesting parallels to, and crucial distinctions from, some
of those outlined above. Scent-matching requires animals to be able to dis-
criminate odors at the level of the individual. It does not require long-term
memory of the odor of individuals or a learned association of their smell with
past behavior. Scent-matching requires the ability to remember the odor of
scent marks that the animal encountered in the recent past and the ability
to compare these odors with the smell of potential opponents. The most
remarkable demonstration of such sensory capacity comes from tests of the
ability of domesticated dogs, Canis familiaris, to remember the human odor
associated with forensic objects and to later match these either with addi-
tional objects that have been impregnated with these smells (Settle ez al,
1994; Schoon, 1997) or with their ultimate source, a crime suspect (Schoon
and DeBruin, 1994; Schoon, 1996). Less obviously, scent-matching also re-
quires a sequential and spatial memory that allows the receiver to interpret
the pattern of scent marks it encounters as a marked area. For example, the
majority of the marks that an animal has encountered in the recent past may
be from male A, but the most important ones may be the small number it
encountered as it walked from the territory of male A into that of male B.

The idea of scent-matching was initially advanced to explain a wide range
of observations of scent-marking and linked behavior in wild animals that
had previously been difficult to explain (Gosling, 1982). In particular, scent-
matching is consistent with the widespread observations that territory own-
ers and other high-status males anoint their own bodies with the substances
used for scent-marking and make themselves available for olfactory inspec-
tion at the start of many encounters (Fig. 2); many males evert their scent
glands as they approach opponents (e.g., hyaenas: Kruuk, 1972). Males also
remove marks made by other males and overmark the site with their own
odor. It was realized that many early observations that had been interpreted
using other mechanisms might be explained more simply by scent-matching.
An example is the classic observation that when two male rabbits, Orycto-
lagus cuniculus, are placed in an arena with the scent marks of one of them,
that individual is more likely to win any contest (Mykytowycz, 1973, 1975).
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Fic. 2. Territorial male hartebeest, Alcelaphus buselaphus, (2) rubbing substances used in
scent-marking onto its side and (b) allowing a nonterritorial intruder to sniff the same area.
The intruder may thus identify the owner by matching the smell of the owner with the smell
of scent marks previously encountered in the territory. The marking substances are secretions
from an antorbital gland and feces. Males often lie in their own feces (“dung piles”) and rub
their head and neck on the ground to further transfer the smell to their body (“self-anointing™).
Redrawn from Gosling (1982).

The use of scent-matching by intruders into mouse territories has been con-
firmed experimentally (Gosling and McKay, 1990). Males that approached
a resident male fought at lower intensity when they approached on a sub-
strate that matched the resident than when they approached on substrate
marked by a third, unknown male. The use of scent-matching has also been
demonstrated in the context of mate choice (discussed later) in hamsters
and rabbits (Steel, 1984; Reece-Engel, 1988, 1990).

One of the predictions of the scent-matching hypothesis is that resource
holders should remove (e.g., Sun and Miiller-Schwarze, 1998) or replace
scent marks that do not match their own odor (Gosling, 1982). Replac-
ing scent marks is especially common and is known as overmarking or
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countermarking (Johnston et al., 1994; Wilcox and Johnston, 1995; Roberts,
1998; Sliwa and Richardson, 1998; Ferkin, 1999; Roberts and Dunbar, 2000).
Debate has included the idea that marks are placed next to the competitor’s
scent mark rather than on top of it in order to signal an asymmetry between
the two males (Ferkin, 1999; Rich and Hurst, 1999).

The circumstances in which scent-matching is a possible mechanism de-
pends, by definition, on the detection of scent marks prior to an encounter
between signaler and receiver (Gosling, 1982). We have recently shown
(Roberts and Gosling, unpublished), using an analytical model, that the
likelihood of this requirement being fulfilled is crucially dependent on
the interaction between the efficacy of the network of scent marks within the
defended area and its size. The opportunity for scent-matching generally de-
clines with increasing territory size if mark detection is purely probabilistic.
However, in reality, increasing the number, effective range, and detectability
of marks (Section III; particularly marking on trails along which intruders
enter the territory) will substantially enhance the range of territory sizes
over which matching is possible.

D. INTRASPECIFIC VARIATION IN MECHANISMS OF ASSESSMENT

There has been a tendency in the literature to associate particular mech-
anisms of assessment using scent marks with particular species. However,
it would be surprising if this were the case because selection should favor
flexibility in mechanisms where selection pressures, including ecological and
social factors, show equal or greater variation within than between species.
The available evidence supports this expectation, particularly in the best
studied species, the house mouse and its laboratory descendants. Thus, mice
are known to respond to intrinsic properties of scent marks and in partic-
ular to androgen-dependent chemicals that reflect social dominance. Some
mice, but not all, avoid marked areas (Jones and Nowell, 1989; Hurst, 1993).
Mice also learn to associate a record of past encounters with their odor
and use this information in avoidance decisions (Gosling et al., 1996a,b).
However, they also use scent-matching to decide whether or not to escalate
contests with novel opponents (Gosling and McKay, 1990; Hurst et al., 1994)
and take mto account the relative proportions of an opponent’s marks and
that of its competitors (competitive countermarking: Rich and Hurst, 1998,
1999).

Individual receivers thus appear to use a number of different forms of
assessment, the prevalent mechanism probably being determined by the
balance of costs and benefits in particular ecological and social contexts.
This may mean that particular species tend to use the same mechanism but
does not necessarily imply that mechanisms are species-specific.
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We have recently explored the circumstances that dictate the switch
between mechanisms involved in competitor assessment via scent marks
(Roberts and Gosling, unpubl. data), using a game theoretical approach.
Game theory seeks to understand how individual behavior varies in rela-
tion to the behavior of others (Parker, 1974; Parker and Rubenstein, 1981;
Maynard Smith, 1982, 1996); in this case, we were interested in how the
strategies of the scent-marking signaler and receiver vary within an owner—
intruder paradigm, and how these are dependent on the degree of knowledge
about owners that intruders are likely to have gleaned from scent marks be-
fore encounters occur. We specifically compared the likely expression of the
two most commonly cited mechanisms from the literature, using intrinsic
properties of scent marks (cf. Hediger, 1949; Richardson, 1993) and scent-
matching (cf. Gosling, 1982). The model examined the circumstances under
which it is beneficial for intruders to attempt to assess their opponent further
by scent-matching, and those in which owners should either present them-
selves for scent-matching by intruders or escalate immediately. The stable
strategy for intruders (providing benefits of escalation outweigh potential
costs of injury) is to attempt to scent-match over most parameter values,
especially if there is a moderate degree of owner advantage, but in some
circumstances the best option may be immediate escalation or withdrawal
(Fig. 3).

On the other hand, it pays owners to allow assessment where mark de-
tection probability is high (usually in small territories), but where it is low
they do best by escalating immediately. Thus, although intruders do best
when they can maximize their information-gathering about owners, the op-
portunity to match is effectively denied if owners escalate immediately. The
model’s predictions are consistent with observed variation in behavior and
demonstrate that different mechanisms may result from the balance of costs
and benefits along a continuum of information acquisition by intruders.

E. THE Accuracy oF RHP ASsesSSMENT USING SCENT-MARKING

We have seen that when receivers detect a pattern of marks, they can infer
that they are in an area occupied by a male of high competitive ability and,
moreover, one that has “owner advantage” (Davies, 1978; Alcock and Bailey,
1997). But how should they use this information? Different receivers must
vary in the accuracy of the information that they need to make an adaptive
decision. For example, individuals of very low competitive ability simply
need to know that an area is defended before deciding to withdraw. They do
not need to have detailed information about the competitive ability of the
signaler because such information is redundant when all resource holders
must be of relatively high RHP. This decision is based on the cost:benefit
analysis in Eq. 1 (Section IV.A), and, in particular, the assessment of relative
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Fi. 3. Variation in evolutionarily stable strategies of intruders. Where both the degree of
owner advantage (x; here, x = 0.5 indicates no advantage) and probability of scent mark detec-
tion prior to an encounter (m) are low, it pays intruders to escalate contests without assessment
(that is, play Hawk, H). In this example, H (shaded black) is the ESS for all m < 3. Successive
curves represent the critical value of x, for a given m (here 0.9, 0.7, 0.5, 0.3), above which H is
supplanted by the strategy A’. Where x is high (above the dashed line), intruders should adopt
the strategy A. The strategies A and A’ are scent-matching assessment strategies defined by
playing Dove (D) if the matching process identifies an opponent as the territory owner, and
H if not; they differ in their response to immediate escalation by owners (A plays D, A’ plays
H). The results illustrate the potential for flexibility in assessment mechanisms in different
socioecological circumstances (Roberts, S. C. and Gosling, L. M., unpublished).

competitive ability. Bearing this procedure in mind, how accurate is the
information available in each of the mechanisms of assessment outlined
above and under what circumstances would it be useful or not?

We know that animals can obtain information about the status of a sig-
naler directly from intrinsic properties of its scent marks. However, intrinsic
information may be too general to give precise information to a male about
the likely costs of remaining in a scent-marked area. For example, the con-
centration of androgen-dependent volatiles could indicate that an opponent
was in a generally dangerous category, but it could not indicate which one
of a range of potential opponents had made the marks. There could thus be
advantages in using intrinsic information, but probably only where the dif-
ferences in RHP between the signaler and receiver are large and therefore
easily perceived and assessed. This difference may often be compounded by
resource value, particularly where reproductive tenure is dependent on the
resources in a territory and where the benefits to an intruder are limited to
a short bout of feeding.

Where a receiver meets its competitors frequently and remembers their
odors, their identities, and the outcome of these encounters (wins:losses),
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the detection of scent marks made by these individuals could provide a pre-
cise indication of the costs and outcome of future encounters. However, this
information should become progressively less accurate as the frequency of
such meetings declines and as the rate of status change in the group increases.
It will also generally be less effective in large groups than in small groups
because of the effect of group size on the first two variables. Where resource
holders meet competitors rarely and there is a good chance that their status
will have changed in the meantime, memorized information could be actively
misleading. This transition may reflect the fundamental transition from an
individual reference for dominance in the multimale groups of dominance
mating systems to a spatial reference for dominance in resource-defense
polygyny and monogamy (Gosling, 1986b). As noted by Ralls (1971), itis par-
ticularly interesting that scent-marking is maintained in dominance mating
systems when intrinsic information from odor could be directly transmitted
and received.

Where resource holders contend with large numbers of potential com-
petitors, and where they meet individual competitors infrequently, spatial
references for dominance must be unambiguous and verifiable. In these cir-
cumstances, verification may only be achieved reliably by comparing the
odor of the territory’s scent marks with that of the owner. In many systems,
the number of competitors, and hence the need for such a mechanism, are
frequently underestimated. Where a network of resource holders defends
contiguous territories, as in the aardwolf (Richardson, 1991) or the monoga-
mous antelopes (Brotherton and Manser, 1997; Roberts and Lowen, 1997),
the majority of the population appears to be resource holders. However,
offspring are continually produced and become transient “floaters”; these
are cryptic in their behavior to avoid detection by resource holders and
are consequently also rarely detected by observers. Nonetheless, they are a
continual threat to resource holders and indeed eventually replace them.

V. Costs AND BENEFITS

A. HoNesTY AND SiGNAL COSTS

Some olfactory information can be simply passed between individuals
and does not involve the use of scent marks. For example, the subauricular
glands of oribi and rump glands of pronghorn antelopes, Antilocapra amer-
icana, are designed for direct, airborne transmission of volatile chemicals to
conspecifics. Why are scent marks so commonly used as an intermediate ve-
hicle for chemical signals? The answer may be that patterns of scent marks
leave a cheat-proof record of individual behavior. The historical element
of this record is impossible to fake because the signaler has to be present
over the time that it takes to make the pattern of marks. Because it has to be
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dominant in space (territoriality) or over competing individuals (in domi-
nance systems) while this is done, the scent marks are cheat-proof. Scent
marks are thus a record that is not only of status but that has been probed
by competitors and shown to reflect honestly the RHP of the signaler. If
intruders or subordinates deposit scent marks the resource holder quickly
overmarks them; indeed, overmarking may have higher priority than aggres-
sion in such circumstances (e.g., hartebeest: Gosling, 1974; aardwolf: Sliwa
and Richardson, 1998).

Although it might be expected that scent-marking is a costly trait, there has
been little investigation of the costs of this or any other olfactory signal. How-
ever, data suggest that scent-marking in mice may have important life-history
costs and that these may ultimately affect reproductive success. This has ad-
ditional significance because scent-marking rates in mice are highly variable
between litters (Collins ez al., 1997), although it is not yet known whether
this variation has a genetic or developmental origin. Data have shown that
scent-marking rates are inversely correlated with growth rate and asymptotic
body size in male mice housed singly (Fig. 4; Gosling and Roberts, unpubl.
data). Although at first sight surprising, major urinary proteins that play a
key role in mouse scent-mark function (Section III.A) are produced at urine
concentrations of between 10 and 20 mg ml™" (Nevison et al., 2000) and this
rate of protein synthesis could account for the observed growth reductions.
In male mice housed in pairs, the dominant individual generally marks at a

1.7

161@

Growth (g g)

1.0

0 10 20 30 40 50 60
Scent-marking rate (%)

FiG. 4. Relationship between scent-marking rates and growth in singly housed male mice.
The inverse relationship suggests that scent-marking has an energetic cost and that, as marking
levels increase, resources are progressively diverted from growth. There was also an inverse
relationship between marking rate and asymptotic weight {(mean of weeks 20-25) in this sample
of mice (Gosling, L. M. and Roberts, S. C., unpublished data).
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higher rate. But, if the dominant male is smaller than its subordinate partner,
it scent-marks at a higher rate than if it is larger than its subordinate partner.
Smaller dominants also have larger preputial glands, the site of most mouse
pheromone production, than larger dominants, even though their body sizes
are smaller. As a result of greater costs of scent-marking and associated
gland development, poor competitors grow even more slowly and, as a re-
sult, experience a higher rate of dominance reversals (Gosling et al., 2000).

These findings suggest a life-history trade-off between the costs of scent-
marking, to help establish and maintain social status, and the time over
which dominance can be maintained. Relatively poor competitors may have
to invest more heavily in status signaling to maintain dominance, and conse-
quently they incur relatively high costs. But although small dominant males
only maintain their dominance for short periods, this period could provide
critical fitness benefits particularly when the probability of survival is low, as
in r-selected species including the wild progenitors of the laboratory mouse,
or if small males are relatively vulnerable to some other source of mortality
such as predation (Dickman et al., 1991; Koivunen et al., 1998). Males that
invest heavily in signaling to maintain dominance may thus be opting for a
strategy of breeding early. But why do some larger mice appear to accept
a subordinate role early in life? The strategic options appear to be princi-
pally some form of sneak-breeding or waiting strategies (Kozlowski, 1992;
Maynard Smith, 1996; Pilastro et al., 1997; Kokko and Sutherland, 1998) with
low associated costs of scent-marking. There is no direct evidence for the
former, although subordinate male mice do occasionally obtain some mat-
ings (Wolff, 1985; Franks and Lenington, 1986). Life-history benefits from
delaying reproduction are consistent with the dominance reversals observed
in our experiments, but the consequences for lifetime reproductive success
have not yet been tested.

These data about the costs of scent-marking in mice are consistent with
the theoretical notion that selection should favor the evolution of costly
status signals because they provide reliable, cheat-proof information about
the quality of the signaler (Zahavi, 1975; Grafen, 1990).

B. THe EconoMics OF SCENT-MARKING IN TERRITORY DEFENSE

Scent marks provide an opportunity for intruders to identify resource
holders and then to modify their behavior in a way that takes account of the
benefits of utilizing the defended resource and the costs of meeting the re-
source holder. Because, on average, animals excluded from resource-holding
status will have lower RHP than resource holders, many receivers will opt to
avoid contests. Others will delay and meet the resource holder to maximize
use of the defended resource but, perhaps subject to confirmation of the
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resource holder’s identity, will withdraw at an early stage of an escalated
contest. Resource holders thus avoid or reduce the costs of contests with a
large proportion of potential opponents. However, they cannot avoid con-
tests with high-status animals that are seeking to achieve resource-holding
status. Scent marks could actually incur additional costs from these contests
because they may inadvertently advertise a resource that is worth trying to
take over. However, this effect will be offset by owner advantage and, in any
case, such individuals are relatively rare. The net costs of these encounters
must be low in relation to the costs saved from large numbers of contests
with lower status individuals.

The extent of the savings can be envisaged as the sum of the difference in
the costs of contests resolved by prior assessment and the comparable costs of
escalated contests. These two sets of costs can be expressed as two cost func-
tions that increase linearly at different rates with the value of the defended
resource (Fig. 5). Comparison with an asymptotic benefit function show that
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FiG. 5. The economic consequences of scent-marking in territory defense. The steep cost
function (Ces) shows the cost of defending a territory of increasing size (or value) when com-
petitors are expelled in contests without prior assessment by scent-marking. The shallow cost
function (Cassess) shows the cost of defending a territory of increasing size (or value) when
competitors assess the owner using its scent marks. Costs are lower because most intruders
are of lower RHP than resource holders and so most withdraw without escalation. The broken
line shows the increasing fitness benefits of monopolizing an area of increasing size. Intercepts
between the benefit and cost functions show the increase in territory area that can be defended
with scent-marking. The fitness benefit of scent-marking is the difference between the intercepts
of the cost and benefit functions on the ordinate. From Gosling (1986).
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the value of the defended resource is higher with scent-marking than with
escalated contests. The fact that most, perhaps all, resource-defense terri-
torial systems in mammals are characterized by scent-marking suggests an
obligate relationship. Scent-marking occurs in some but not all dominance
systems. For example, it is absent in a number of tragelaphine antelopes
and in the bovines (Gosling, 1985). Perhaps resource-defense mating sys-
tems would not be economically viable without the reduction in costs from
prior assessment using scent marks. Evidence to support this comes from
a spatially explicit mathematical model of territoriality in wolves, Canis
lupus, which suggests that territory formation cannot occur in the absence
of scent-marking (Lewis and Murray, 1993; Lewis et al.,, 1997). In an im-
portant empirical demonstration, Stenstrom (1998) showed that in fallow
deer, Dama dama, resource-holding stags scent-marked more when their
defended resources were challenged, but that those that scent-marked at
high frequencies were subjected to fewer agonistic encounters than those
marking at lower rates (Fig. 6). These findings suggest that the evolution of
scent-marking may have been necessary before resource-defense systems
could replace more primitive systems based on an individual rather than a
spatial reference for dominance.
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0 ]

Agonistic encounters (/h)

-0.02

Low High

Scent-marking rate

Fic. 6. Relationship between the frequency of scent-marking by fallow deer stags, Dama
dama, and the number of agonistic challenges in which they are involved. Stags that scent-
mark at high rates are involved in fewer encounters. The results lend support to the idea that
investment in scent-marking reduces the costs of directly defending territories. Thick lines
indicate median values. From Stenstrém (1998).
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V1. EAVESDROPPING

A. COMPETITORS AND MATES

Whenever signals are sent, there is potential for individuals other than
the intended receiver to detect and use the information transmitted. This
sort of interception is termed eavesdropping (McGregor, 1993). Eavesdrop-
ping may have substantial benefits for receivers, and may be cost-neutral, or
even disadvantageous, for signalers. For example, it could allow males that
observe competitive interactions between other males to assess them as po-
tential opponents at lower cost than by direct assessment. McGregor (1993)
was among the first to recognize the potential for eavesdropping, particularly
of wide-ranging, conspicuous signals emitted within networks of territorial
animals. There is substantial evidence for eavesdropping by receivers of
acoustic signals, particularly of territorial birdsong (e.g., Dabelsteen et al,
1997; Naguib et al., 1999; Otter et al., 1999). In contrast, the incidence of
eavesdropping in olfactory signals, and scent marks in particular, has rarely
been explicitly described. This is surprising, because scent marks are of cen-
tral importance in mammalian territorial signaling networks (see Section
II1.C) and their persistence over time offers ample opportunity for many
competitors to gather information from them before they become redun-
dant. It may be that difficulties in distinguishing intended receivers and
eavesdroppers in scent-marking studies (in view of the often large inter-
vals between signal emission and reception) are responsible for the neglect
of this intriguing aspect of scent-marking.

If, as seems likely, scent marks are honest signals of competitive ability to
male competitors, it would be surprising if females did not eavesdrop on these
signals for mate choice. However, males could also signal their quality and
genetic relatedness directly to females. This is not a purely semantic debate
because the role of females as intended receivers or as eavesdroppers could
affect signal design. Because of the possibility that males signal directly
to females, we will treat scent-marking and mate choice separately in the
following section.

Because of the long-lasting nature of scent marks, eavesdroppers also
have a unique opportunity to remove, conceal, or amend marks to their
own advantage. Scent marks may attract a number of receivers in succes-
sion and early receivers may remove the marks, for example by pawing, or
add their own marks to amend the information in the mark for subsequent
receivers. Thus, in some rodents, males may scent-mark next to, or partially
overlapping, the earlier scent mark; this has been termed countermarking.
Receivers use the region of overlap and the age difference between the
marks to discriminate between the scent marks (Johnston and Bhorade, 1998;
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Ferkin et al., 1999; Rich and Hurst, 1999). Alternatively, overmarking of one
scent mark by another is often interpreted as an attempt to mask the under-
lying scent, thus denying later arrivals an opportunity to detect the signal
(Woodward et al., 1999). In this way, males might overmark female scent to
withhold information about mate receptivity from competitors (Tyler, 1972;
Moodie and Byers, 1989; Komers, 1996; Brotherton and Manser, 1997). A
number of experiments examining the ability of receivers to discriminate
the underlying scent mark indicate that overmarking may be successful in
masking scent (Johnston et al., 1994; Woodward et al., 1999). However, this is
not always the case, for example in the overmarks of male ring-tailed lemurs,
where at least some information in the original scent is conserved after over-
marking (Kappeler, 1998). The extent to which overmarking actually masks
underlying scent in other taxa, as opposed to being in essence a subcategory
of countermarking, remains to be shown (Roberts and Dunbar, 2000).

B. PReEDATORS, PREY, AND PARASITES

Just as vocalizations (Cade, 1975; Tuttle and Ryan, 1981; Belwood and
Morris, 1997) and insect airborne pheromones (Stowe et al., 1995; Haynes
and Yeargan, 1999) may attract and direct the attention of parasitoids and
predators, scent marks also enable such unintended receivers to reliably
predict the location and movements of signalers.

The best documented example concerns the ability of avian predators
to eavesdrop on the scent marks of small rodents, notably voles. Captive
kestrels, Falco tinnunculus, are able to detect vole (Microtus, Clethrionomys)
scent marks in ultraviolet light, due to the reflectant properties of protein
constituents of the marks (Viitala et al, 1995). Field experiments have also
demonstrated the ability of the diurnal kestrel (Viitala et al., 1995) and rough-
legged buzzard, Buteo lagopus (Koivula and Viitala, 1999; but not nocturnal
Tengmalm’s owls, Aegolius funereus: Koivulaet al., 1997), to discriminate and
preferentially hunt above areas that contained artificially enhanced levels of
scent marks. The use of information about scent mark density by raptors
is thus an important potential cost of scent marking. Koivula et al. (1999b)
have additionally shown that kestrels are even able to discriminate between
sex and age of vole prey, apparently on the basis of variable levels of ul-
traviolet reflectance that exist between classes (Koivula et al., 1999a). This
highlights the particular risks to territorial males that may arise from their
scent marks. A recent experiment (our unpublished data) has examined the
degree to which male mice varying in their signaling investment are prepared
to investigate scent marks of an unfamiliar individual in the presence of the
odor of a predator (ferret urine). Males that scent-mark at high frequencies
are quicker to approach but spend less time investigating the marks, than
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males signaling at low rates. These results indicate that there are individual
differences in sensitivity to potential eavesdropping by predators, which are
related to the individual’s own signaling strategy.

Whereas mammalian predators, like their avian counterparts, may eaves-
drop on scent marks of their prey in order to hunt more effectively, prey
animals might use the same strategy to reduce the risk of predation. White-
tailed deer, Odocoileus virginianus, densities are highest in buffer zones
between wolf territories (Mech, 1977), the location of which are demarcated
by wolf scent-mark patterns (Peters and Mech, 1975), although whether this
results from eavesdropping is unknown. The aversive effects of predator
scent on their prey are especially well known in rodents and include reduced
foraging and travel times (Kotler et al., 1992; Epple et al., 1993; Jedrzejewski
et al., 1993; Perrot Sinal et al, 1999) and the induction of avoidance be-
havior (e.g., Stoddart, 1976; Gorman, 1984; Robinson, 1990; Baretto and
Macdonald, 1999). How much increased hunting costs resulting from these
responses impinge on the intraspecific benefits of scent-marking by preda-
tors is unknown, but they could be considerable where prey density is low.

Lastly, a striking example of eavesdropping by parasites is that of a south-
ern African tick and the klipspringer, its small antelope host. The tick, Ixodes
matopi, aggregates on the preorbital gland scent marks of klipspringers,
which are deposited on the ends of low branches (Roberts, 1997; Roberts
and Lowen, 1997), in order to gain access to the host on subsequent visits
to the marks (Rechav et al., 1978; Spickett ef al., 1980). Adult ticks are pre-
dominantly active in the rainy season (Colborne et al., 1981) and locate scent
marks by following the trail of an aqueous active component of the secre-
tion as it is washed by rainwater down the branches of the shrub (Rechav
et al., 1978). Klipspringers tolerate preorbital gland gleaning by passerine
birds in an attempt to reduce their parasite load, but this may also lead to di-
rect ingestion of glandular secretion by the birds, thus introducing an (albeit
probably small) additional cost (Roberts, 1995).

VII. SceENT-MARKING AND MATE CHOICE

As discussed above, it is not yet known whether males signal directly to
females or whether females simply eavesdrop on signals aimed at other
males. But, regardless of which of these, or both, occur, there is good ev-
idence that females respond to a wide variety of male odors. In research
on mice, many of these odors originate in urine or soiled bedding because
these are convenient sources of odor in laboratory experiments. Urine is
used for scent-marking and so scent marks could be the normal mode of in-
formation transmission in nature. Some evidence does exist for responses to
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scent marks and to patterns of marks. Female white-tailed deer investigate
and scent-mark at male marking sites (Moore and Marchinton, 1974), and
make unusual visits outside their normal range (Sawyer et al., 1989) when
they are in estrus, leading Sawyer et al. to suggest that they use marking sites
to assess potential mates. In addition, female rabbits, hamsters, and mice
prefer males who match the scent marks, or the predominant scent marks,
that they had previously been exposed to (Steel, 1984; Reece-Engel, 1988;
Rich and Hurst, 1998, 1999). Females thus appear to discriminate between
males on the basis of their ability to maintain territory integrity by scent-
marking, preferring males whose territories contain only the owner’s marks
over those that had been partially marked by intruders (Rich and Hurst,
1998) or the male that most effectively countermarked the scent of intrud-
ers onto its territory (Johnston et al.,, 1997b; Rich and Hurst, 1999; Fig. 7).
Females also prefer males with larger scent-marking glands and higher mark-
ing rates (Clark et al., 1992), and the scent of their mate to that of unfamiliar
individuals (Newman and Halpin, 1988; Tang-Martinez et al., 1993).
Female mice also show a wide range of behavioral and physiological res-
ponses to intrinsic properties of male urine. Thus female mice prefer the
urine of dominant over subordinate males (Parmigiani et al, 1982;
Drickamer, 1989; Hayashi, 1990; other rodents: Carr et al., 1982; Evsikov
et al., 1995) and intact over castrate urine (Scott and Pfaff, 1970; Hayashi
and Kimura, 1978). The chemical basis of this preference is known to in-
clude at least four volatile chemicals, a thiazole, a brevicomin, and « and
farnesenes, all of which are attractive to females (Jemiolo et al., 1985, 1991).
The thiazole and brevicomin bind to MUPs (Bacchini et al., 1992) and be-
cause of this are lasting components of scent marks (Hurst ez al., 1998), but
this is less certain in the case of the farnesenes (Novotny et al,, 1999). Further
indications of mate quality are that female mice can distinguish the odor of
parasitized and unparasitized males (Kavaliers and Colwell, 1992) and that
the urine odor of parasitized males loses its attractiveness (Kavaliers and
Colwell, 1995a,b; Penn et al., 1998). Significantly, the odor of infected males
does not become aversive to females suggesting that this response is adapted
to avoiding mating with infected males rather than avoiding infection. Such
data are consistent with the more general suggestion that females prefer to
mate with males that have extravagant sexual displays because they are the
healthiest and the most resistant to parasites (Hamilton and Zuk, 1982).
Perhaps linked to these ideas about the role of immunocompetence in
sexual selection is the finding that rats, mice, and humans use odors mediated
by variation in the MHC for mate choice. The most extensive data are from
inbred mouse strains and, in general, these show that mice choose mates
disassortatively with respect to MHC variation (e.g., Yamazaki et al., 1976;
Egid and Brown, 1989; Jordan and Bruford, 1998). The best data on female
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2 h observation period, (b) time spent exploring tubes carrying odors of the territorial males,
and (c) number of scent marks deposited by females while exploring the tubes. From Rich and
Hurst (1999).
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choice are experiments under seminatural conditions that showed that fe-
males often mated with males outside their own territory. In these matings,
the other males were more MHC-dissimilar than their own territorial males
(Potts et al, 1991, 1992). Choice appears to be based on odor and tests
involving the responses of trained mice in Y-mazes suggest that variable
proportions of volatile carboxylic acids are used to separate nearly identical
mice that differ only at the MHC (Singer et al., 1997). MHC-disassortative
mating may be a mechanism to increase heterozygosity specifically at the
MHC, for example to increase the resistance of their offspring to parasites
and diseases, or to prevent inbreeding in general (Jordan and Bruford, 1998;
Penn and Potts, 1998).

All of the data reviewed in this section could possibly be linked to signals
of quality that reflect immune response genotype and immunocompetence.
Differences in approach could account for the differences in emphasis on
androgen-dependent features such as marking frequencies and MUP-borne
volatiles and odors that signal disease resistance. However, it is too early
to arrive at any such conclusions. Further work is necessary to integrate the
various approaches and to test if females take into account both mate quality
and genetic relatedness when choosing mates.

All of the male odors dealt with so far lead to behavioral responses
by females and in particular preferences for males. However, females in
a wide range of rodents also show a number of priming or physiological res-
ponses. Best known are the effects of the urine odor of males on advancing
female puberty (Vandenburgh, 1971; Bronson and Desjardins, 1974; Colby
and Vandenbergh, 1974), induction of estrus (Whitten, 1956; Marsden and
Bronson, 1964; Bronson and Whitten, 1968; Chipman and Albrecht, 1974),
and, when an unfamiliar male is involved, in inducing abortions (Bruce,
1959; Chipman and Fox, 1966; Dewsbury, 1982; Hafer, 1990). Much is also
known about the specific chemical components responsible for these effects
(Vandenbergh et al., 1975, 1976; Jemiolo et al., 1986, 1989; Novotny et al.,
1990a,b). Nearly all of the research on these phenomena has been carried out
in captivity and male urine has been presented in a number of ways (soiled.
bedding, sprayed onto the female, applied directly to the nares). Because
females are the higher investing sex (Trivers, 1972), females are expected
to respond selectively to males in relation to their mate quality and genetic
relatedness. To our knowledge such intrasexual variation in response has not
been measured. Similarly, no studies have measured physiological responses
to simulated patterns of scent marks and so the potential influence of any
signal of RHP through this medium is unknown.

We cannot exclude the possibility that the intrinsic information in rodent
urine discussed above is designed to be transmitted directly between indi-
viduals or that the chemicals emitted are highly volatile and thus transient
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components of urine rather than longer-lasting components of scent marks
(MUPs and/or the volatiles that bind to them). Self-anointing with scent-
marking substances is a common behavior and some glands are designed for
direct transmission of odor. Some experiments have shown that the response
of females to male odors is greater when the signaler is present than when
the odor is presented alone (Milligan, 1975; review in Brown, 1985). How-
ever, this could indicate a mechanism that involves information in scent
marks with conditional or obligate reinforcement from the signaler (as in
scent-matching, Section IV.C).

VIII. ConcrLusioNs AND FUTURE DIRECTIONS

A. SIGNALING TO COMPETITORS

A large body of historical and contemporary data supports the consensus
that emerged in the 1980s that scent-marking by male mammals provides a
means of competitor assessment. However, relatively little of this informa-
tion has been collected with this hypothesis in mind (exceptions are reviewed
in Gosling and McKay, 1990, and Stenstrom, 1998) and there is a need for
further experimental tests, both in the laboratory and in the field. Patterns
of scent marks provide a uniquely spatial element that may simply indicate a
spatial reference for dominance or, in game theory terms, an owner’s signal
in a bourgeois strategy. However, asymmetries in RHP or resource value are
ignored in this conditional strategy and this seems unlikely in the real world.
Patterns of scent marks also indicate an animal’s ability to defend an area
over the time that it takes to mark. This important information seems un-
likely to be ignored, although no experiments have addressed this hypothesis
explicitly.

The idea that selection should favor signals that honestly reflect the sig-
naler’s quality has received surprisingly little attention in studies of scent-
marking (Penn and Potts, 1998). However, recent experimental results
suggest that scent-marking is costly both in energetic terms and in risks of
attracting predators. Thus scent marks could be condition-dependent signals
of quality as well as signals of ownership in a bourgeois strategy. The circum-
stances under which these signaling strategies operate remain to be clarified.
Ideas about signals of quality and the economics of scent-marking also need
to be integrated with current findings that information about the signaler’s
genotype and disease status are conveyed in social odors. How does intrinsic
information about relatedness and disease status modify information from
patterns of marks?

Most, perhaps all, territories of male mammals are scent-marked (al-
though not all males that scent-mark are territorial). This suggests that
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resource-defense polygyny might not be economically feasible without the
reduction in costs of contest behavior that occurs when territory owners
are assessed using scent marks. This proposition has been tested directly
only once (Stenstrom, 1998) but further experiments in a wider range of
species are needed. The general conclusion about reduction in costs would
also benefit from comparative analysis. Costs of area defense would be fur-
ther reduced if intruders seek out marks. The benefits of assessment, the
widespread existence of visual advertisements, and the small range of marks
(most may need water or water vapor from a receiver before volatiles are
released) suggest that they do. Perhaps the practice of placing a signal in
the environment in a fashion that does not allow rapid reinforcement might
not exist if the benefits to receivers from the information in marks did not
exceed the costs of seeking them out.

We have reviewed the evidence and theoretical support for the idea that
scent marks may be condition-dependent signals of quality. In this they ap-
pear to be consistent with the handicap principle, namely that only animals
of high quality can afford to use costly signals. We have also outlined the
argument that resource holders use scent-marking to manipulate the be-
havior of nonresource holders to reduce the costs of resource defense. We
have even suggested that resource-defense polygyny in mammals might gen-
erally not be economically viable without the cost savings that follow from
competitor assessment by scent-marking. How can this apparent paradox be
resolved? Perhaps only animals that can pay the high costs of scent-marking
can also afford the high risk of escalated contests that is involved in acquir-
ing a territory. But having done so, the additional costs of area defense are
lower than those of contest behavior in the competing strategy that would
involve escalated contests with every competitor. The universal association
of resource-defense territoriality and scent-marking suggests that the sum of
the costs of scent-marking and a reduced level of escalated contest should be
less that those of escalated contests in the absence of assessment by scent-
marking. However, this proposition has not been tested empirically, and
this remains a priority for understanding the economics of scent-marking in
territories.

B. MECHANISM

Much of the literature on scent-marking has been divided according to
the taxon studied and according to favored mechanisms for information
transmission. We find no evidence that this reflects biological reality. In the
best known species, the mouse, it is known that receivers make decisions on
the basis of all three principal mechanisms: the use of intrinsic information
(for example mark density and the concentration of androgen-dependent
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volatiles), the use of memorized information about past opponents and their
odors, and the scent-matching of new opponents with the smell of scent
marks recently encountered. These mechanisms are also known across a
range of species and we believe that when more information is collected,
it will prove unusual for animals to be restricted to only one mechanism.
Game theoretical analysis has defined the circumstances under which it pays
intruders to switch between an assessment of a signaler using intrinsic in-
formation and scent-matching. Further investigation is required to explore
the importance of the accuracy of assessment that is possible using different
mechanisms. For example, it might be expected that learning from past en-
counters will have limits due to changing social relationships and the number
of individuals that can be remembered. Scent-matching is theoretically most
accurate and should thus be used where the fitness benefits of a decision
outweigh the risks of close approach to a potentially dangerous opponent.
Future understanding of alternative mechanisms may depend mainly on ad-
vances in receiver psychology, including the limits to spatial and sequential
memory and interpretation of patterns of marks.

C. SIGNALS TO MATES

Although the patterns of scent marks in wild mammals show that they
are designed principally as signals to male competitors, selection should
also favor choice within the highest investing sex (Trivers, 1972) and so
females are expected to use information about male quality in scent marks
for mate choice. Empirical studies confirm that females do use information
in scent marks although we do not know whether they obtain this infor-
mation by eavesdropping on signals intended for other males or whether
the signals are designed for reception by females. This is a research pri-
ority that could be addressed using existing techniques. There is a striking
lack of data about the responses of females to male scent marks in natural
systems.

If the spatial element of patterns of scent marks provides a cheat-proof
signal of competitive ability, we would expect females to use these patterns
for mate choice. A small body of experimental data suggests that they do and
that they use scent-matching between the predominant odor of scent marks
and that of potential mates. However, most information about female pref-
erences comes from responses to intrinsic properties of male social odors, a
process that need not involve reference to patterns of marks. Some of the
information conveyed by qualitative characteristics of marks is potentially
redundant with respect to patterns of marks. For example, dominance sta-
tus and freedom from parasites, both of which can be detected by females
using volatiles in mouse urine, may be correlated with an animal’s ability to
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establish and maintain patterns of scent marks. We know nothing about the
interaction between intrinsic information about quality and that available
from patterns of scent marks for mate choice.

Information about genetic relatedness from volatiles mediated by MHC
variation may provide additional information to that about quality. If females
benefit from disassortative mating either to avoid inbreeding depression or
because their progeny benefit by increased disease resistance, then they
should take account of this information during mate choice. Once again, we
do not know how the signals interact or whether their design is influenced
by female psychology.

Nearly all accounts of physiological responses to male odors, such as pu-
berty advancement or abortion, are treated in the literature as successful
manipulations by males of female reproductive physiology. But because fe-
males are the higher investing sex, selection should favor their ability to resist
manipulation by males and to control their own reproduction. The outcome
of such sexual conflict may vary in relation to ecological and frequency-
dependent factors but little research has been done using this paradigm.
For example, is there variation between females in their estrus advancement
in relation to male quality or genetic relatedness? If a female aborts and
reconceives with a new male, does the female gain because the new male
then invests more heavily in the litter? Is a female more likely to abort when
there is a chance of mating with an MHC dissimilar male? The questions are
legion.

IX. SuMMARY

Scent-marking is a ubiquitous form of olfactory signaling in male mammals
and both territorial males in resource-defense mating systems and dominant
males in dominance mating systems scent-mark. A large body of evidence
suggests a link between scent-marking by male mammals and intrasexual
competition. Resource holders appear to mark to help establish and main-
tain their status. They may do this because scent marks allow potential op-
ponents to assess the status or RHP of the signaler. Nonresource holding
competitors benefit because they can adjust the level of escalation in rela-
tion to potential costs and benefits and avoid risky contests. Resource holders
benefit through reduced costs because many nonresource holders withdraw
to avoid escalated contests.

Three basic mechanisms allow receivers to make decisions after detecting
scent marks. Receivers may (1) detect intrinsic properties of scent marks
(e.g., concentrations of androgen-dependent volatiles), (2) remember past
contests and the odor of each individual involved and associate these with
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the odor of scent marks, and (3) remember the smell of marks recently en-
countered and match this smell with potential opponents that they meet
subsequently. It is now known that all of these mechanisms are used, some-
times within one species (e.g., mice) and we argue that the mechanisms are
used conditionally, depending on information available and potential costs
and benefits to receivers. Game theoretical analysis has recently shown how
territorial intruders may switch from using intrinsic properties of marks to
scent-matching when making decision about whether to remain in a territory.

Scent-marking may be a uniquely cheat-proof signal of status because
males must be able to defend their territory or dominance status over the
time taken to mark it. A pattern of marks is thus a signal of status that
has been tested in intrasexual competition. It also seems likely that marks
are intrinsically costly both in energetic terms and by increasing predation
risk. Mice can detect whether urine is from a parasitized or nonparasitized
individual and these odors could potentially signal immunocompetence if
mediated by variation at the MHC region of the genome. This remains to
be tested. It is known that mice can detect relatedness via urine volatiles
mediated by the MHC and it has been predicted that males should modify
their competitive behavior in the light of this information. Again this remains
to be tested. Information about disease status and genetic relatedness does
not explain why males maintain patterns of scent marks.

Most, perhaps all, territories are scent-marked. This may be because most
intruders are of lower RHP than resource holders and these males should
usually withdraw after assessing the resource holder by its scent marks. The
costs of defending a territory may thus be substantially reduced. The obligate
link between scent-marking and territoriality suggests that resource-defense
polygyny in mammals may not be economically viable without this reduction
in the costs of area defense.

A little information is available to show that females use information from
patterns of scent marks and a great deal of information shows that they use
intrinsic information. It is not known whether males signal to females to
enable mate choice or if females eavesdrop on signals sent between male
competitors. Most known responses are to male urine by female rodents.
For example, females show physiological (priming) responses to male odors
(e.g.,advancing and synchronizing estrus, inducing abortion). Other research
hasidentified factors responsible for female mate preferences in choice tests.
For example, the dominance status of the signaling male is a predictor of fe-
male interest and such studies have identified androgen-dependent volatiles
responsible for the response. More recently, females have been shown to use
odor mediated by the MHC locus to choose mates in relation to their genetic
relatedness and to use odor to distinguish healthy and diseased mates. Most
of these studies have been on mice and most use male urine, but the effect
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of patterns of urine scent marks has not been investigated. The only studies
that explicitly use scent marks are those showing that females match the
odor of potential mates with marks previously found in the environment to
select mates. Future research should aim to clarify how information about
the quality of potential mates is transmitted and how females trade-off such
information against genetic relatedness.
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