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PREFACE

Chemical ecology is developing by leaps and bounds. Thousands of growing
points involve all organisms and offer ample opportunities for collaboration of
chemists and biologists. The biological aspect draws on diverse fields, ranging
from molecular genetics, anatomy, histology, and genetics to endocrinology, ani-
mal behavior, and systems ecology. Given this confluence of many strands of sci-
ence, it is little wonder that there is not a textbook for chemical ecology courses.

While plant and insect studies dominate chemical ecology, the percentage of
papers on vertebrates in the Journal of Chemical Ecology has held steady at 10-19%
since its inception in 1975. Most papers on vertebrates deal with mammals, and
birds have only recently attracted the attention of chemical ecologists (Miiller-
Schwarze, 2005). Chemical ecology is both a basic and an applied science. Fun-
damental questions include reproductive interactions in fish, olfactory imprint-
ing, chemistry and functions of scent marking in mammals, olfactory foraging
in seabirds, self-medication in animals, and protein chemistry. Practical appli-
cations consider, for example, challenges in fish migration, sea turtle conserva-
tion, pest control, and animal husbandry. To succeed in solving practical prob-
lems, we first have to establish the basic natural history, behavior, and ecology of
aspecies: To lure brown tree snakes to scented traps, we need first to know what
food odors or pheromones these animals attend to. In contrast to insects, much
behavior of mammals is under multisensory control, and applications of repel-
lents and attractants based on natural behavior are yet to be realized. Attractants
are still in the art stage, much the same way as hunters and trappers have always
used them. Sometimes we rediscover in the scientific literature what practition-
ers knew all along. After we published a paper on the existence and histology of
the tail gland of reindeer (Miiller-Schwarze et al., 1977), Swedish Saame told us
how they avoid contaminating reindeer meat with this smelly gland, which was
well known to them.

Our field has progressed from studying simple responses within a species
to study of more complex ecological relationships. Research began with
identifying the chemicals responsible for chemosensory communication: the
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classical pheromones. Now more complex ecological relationships are emerging
for vertebrates. Investigations into predator—prey systems describe interactions
between two species: predators cueing in on pheromones of their prey. Further,
white-tailed deer presumably use wolf scent marks to orient and stay within the
relative safe border areas of wolf territories. Increasingly more levels and larger
pieces of the ecosystem are being studied: foraging seabirds cue in on dimethyl
sulfide that is liberated when plankton feed on smaller organisms. Certain vul-
tures spy on other vulture species that have detected carcass odors. Honeyguides
and honey badgers form an effective partnership to exploit bee colonies. Such tri-
partite relationships are already well known for insects and other invertebrates.

The vast and diverse scope of the book precludes completeness. I had been
advised to limit the book to pheromone communication, or just to mammals.
However, interspecific interactions such as herbivory and plant and animal
defenses havealways been at the heart of chemical ecology, and the chemical ecol-
ogy of most other vertebrates has just begun. As an animal behaviorist, I empha-
sizeanimals and their interactions with members of their own and other species.
(By contrast, the Journal of Chemical Ecology, for example, “is devoted to an ecolog-
ical understanding of the origin, function and significance of natural chemicals
[italics mine| that mediate interactions within and between organisms.”) This
hybrid of textbook and review does not address methods. Good compendia of
methods exist; that of Millar and Haynes (1998) is the best example. To avoid
misleading conclusions from still fragmentary and unsettled research, I have
refrained from textbook-style selectivity and generalizations. In this source-
book, I present original data and consciously avoid premature generalization of
studies still in flux. Birds’ incorporation of fresh aromatic plants into their nests
comes to mind as an example.

The chapters on pheromones, allomones, kairomones, orientation, and appli-
cations are the core of the book. The other chapters on environment, molecular
properties, and chemoreception serve in supporting roles, always with animals
in mind. I have deliberately included speculative ideas and open questions, both
to encourage further research and to stimulate discussion in courses. For exam-
ple, p. 365 suggests that mammals’ wallowing, pawing, and urine soaking may
be more adaptive in animals inhabiting cold countries. It is left to the reader to
ponder why. Some ingenious stepping-stones show the path to today’s knowl-
edge: pioneer work on fish alarm pheromones, dog tracking, or palatability of
birds. A certain planned redundancy keeps each chapter directly accessible; ear-
lier ones need not be consulted.

I accumulated and honed the book’s material during 14 years of teaching a
course entitled Chemical ecology of vertebrates to graduate students and advanced
undergraduates. Biology students have a complex relationship to chemistry.
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I try to make chemistry interesting and relevant to a biologist. I emphasize ecol-
ogy with a chemical twist, and not ecological chemistry. Because of its multidis-
ciplinary nature, chemical ecology serves as a wonderful “capstone course” for
graduate and advanced undergraduate students. They are challenged to remem-
ber disparate facts and principles from a variety of courses, such as the 12 cra-
nial nerves, terpene classification, clay types, toxic plants, parasitism, carni-
vore ecology, fish migration, conditioned aversions, symbiosis, protein struc-
ture, bird behavior, nutrition, human health, livestock reproduction, behavior
development, and much more. In examinations, students have listed numer-
ous practical applications they have learned in this course. Responses included
drinking tea with milk, eat dirt when poisoned, be wary of pufferfish, know
estrogen mimics on livestock pasture, use chemical bird repellents, failure of
chemical defenses vis-a-vis introduced species, and to make a car salesman take
off his jacket (it could be artificially scented to boost sales). My heartfelt thanks
go to the many friends and colleagues who helped by reviewing and provid-
ing information, suggestions, discussions, and constructive criticism over many
years. I fondly remember countless discussions over decades with Drs. Robert
M. Silverstein and the late John B. Simeone, both good friends. My wife Chris-
tine has participated in this project the longest, by searching literature and
always looking out for new developments in the world of odors. T am espe-
cially indebted to Drs. Lee Drickamer, Donald E. Moore III, Tsutomu Nakat-
sugawa, Lixing Sun, Max M. Mozell, and Robert Mason for reviewing all or
parts of the book. My colleagues Dr. José Giner, Dr. Neil Price, Christopher Sack,
and Mangesh Goundalkar proofread chemical structures and names. Over the
years, exchanges with former graduate students, Drs. Peter Houlihan, Bruce
Schulte, Axel Engelhart, and Jan Herr, have enriched this work. I also benefited
from the questions and comments by many students taking the course over the
years. Even a single-author book depends on a team. I thank Cindi Gamage for
essential keyboard help with references and both Cindi and Joyce Buczek for
keeping track of the permissions for reproducing figures, and Dr. Jane Ward at
Cambridge University Press for her tireless dedication and excellent editing.
Jennifer Cheshire helped to track down numerous literature references.

xi
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The odorsphere: the environment for
transmission of chemical signals

The scent of flowers does not go against the wind, not sandal, rosebay or jasmine, but the

scent of the good goes against the wind; a good man is wafted to all quarters.
SUTTAPITAKA (“basket of discourse™), from Pali canon of Theravada
Buddhists, ca. 500-250 BC

Land animals exploit the odorsphere, the world of vapors around them.
In any given locale, they move in an odorscape, a landscape of volatiles. Even
in fish we speak of odors because neurophysiologically the olfactory system is
involved, even though water-soluble stimulants are not necessarily volatile. We
expect vertebrates to have taken advantage evolutionarily of the physicochemi-
cal characteristics of their environment first to select and then to optimize chem-
ical communication. The chemical communication system of a cold-water fish
differs vastly from that of a tropical bat. Despite similar biological functions,
each system has been shaped by, and is adapted to, a distinct set of environmental
circumstances.

In air, temperature, relative humidity, barometric pressure, and air currents
not only modulate the movement of molecules from the source but also affect
odor reception once the molecules have arrived near the receptors. The evapora-
tion of an odor from a surface such as animal skin, a scent mark, or vegetation is
regulated by air temperature, relative humidity, the porosity of the surface, and
other compounds present (Regnier and Goodwin, 1977; Figs. 1.1 and 1.2).

The evolution of chemical communication was probably influenced by such
additional factors as adsorption of aerial pheromones to vegetation, or water-
borne pheromones to suspended clay. The influence of these environmental fea-
tures has very likely selected for both the choice of chemical constituents of the
signals and the appropriate signal-emission behaviors (Gleeson, 1978).

Chemical signals have several advantages over cues in other sensory modalities. They
work in darkness, around obstacles, and may last for along time, ranging from seconds to
months. This enables an animal to communicate with others in its absence, or even with
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1.1 AIR

itself when returning to a previously scented site. A major disadvantage is a long “fade-
out” time that would limit consecutive signals to a slow sequence. In the real world, air or
water currents are nearly always present. They transport signals, and the role of diffusion
is insignificant because it is too slow.

1.1 Air

For the medium air we can distinguish close-range from long-distance
chemical signals. They differ in the behaviors that animals employ to take advan-
tage of physical processes. Sniffing a scent mark, another animal, or potential
food at close range is more than a passive receiving. Exhaling moist air onto the
focus of attention moistens the surface and liberates more odorant. Thus, sniff-
ing enables an animal to regulate the release of molecules from the substrate. At
zero distance, the odor source can be licked to take up non-volatile compounds.
An example of long-distance responses is the approach of seabirds to food odors
such as dimethyl sulfide over the ocean. Here air currents and water-air interface
transport of molecules are important.

Since virtually all communication by terrestrial vertebrates takes place in
the air layer near the ground, the chemical ecologist has to understand the
properties of that stratum. Volatiles in higher layers of air, however, may attract
vultures to carcasses and could possibly serve as cues for migrating birds. Air-
borne odors are affected by temperature, relative humidity, barometric pressure,
air currents, and vegetation, which, in turn, may influence temperature, humid-
ity, and airflow. Complex interactions of these variables create countless unique
environmental conditions for communication patterns of diverse species and for
various specific purposes.

1.1.1  Temperature

The vapor pressure of volatile compounds, measured in atmospheres (or
millimeters of mercury), varies with temperature. For example, the vapor pres-
sure of acetone increases from 200 to 400 mmHg with a temperature rise from
+20to0 +40°C, and that of n-heptane from 100 to 400 mmHg with a temperature
change from +40 to +80 °C (e.g. Adams et al., 1970). The half-lives of several
acetates decreased by two- to fourfold when the temperature was raised from 20
t0 30 °C (McDonough et al., 1989). In temperate latitudes, temperatures can vary
from about 40 to 0 °C within 24 hours. Therefore, it is important to know the
vapor pressure of a given compound for the ambient temperatures under which
a particular animal species operates. Diurnal and nocturnal animals may have
selected different signal compounds (or mixtures). Do polar and tropical species
differ in their choice of compounds for communication? Have cold-climate
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pheromones higher vapor pressures? Do polar and montane animals use behav-
ioral meanssuch assniffingat close range to optimize chemoreception? Are there
environmental temperatures so low that pheromone communication is imprac-
tical, or even not feasible? The animal’s ability to escape from ambient conditions
by burrowing or seeking other shelter has also to be considered.

The sex pheromone of the male pig is adapted to the ambient tempera-
ture. The pheromone, a mixture of 5a-androstenol and Sa-androstenone, is
bound to the protein “pheromaxein” in the saliva. At body temperature (+37 °C)
most binding is lost after 72 hours. In direct encounters with females, ample
pheromone is given off. At +4 °C, however, the binding of the pheromone to
the protein is unchanged over 168 hours. Pigs deposit the frothy saliva in the
environment during their breeding season in autumn and winter. At the prevail-
ing low temperatures, the pheromone is released only slowly over a longer time
(Booth, 1987).

Temperature may significantly affect chemoreception. For instance, electrical
responses to amylacetate delivered to olfactory receptors of a tortoise, Gopherus
polyphemus, were little affected by air temperatures between 20 and 30 °C at the
nares but changed considerably above and below that range. Up to +35 °C and
down to +10 °C, the olfactory response was a “monotonic slowly decreasing
function of temperature” (Tucker, 1963; see also Grundvig et al., 1967).

1.1.2 Humidity

The higher the humidity, the more odor molecules evaporate from a sur-
face, because they compete with water molecules for surface sites. Dogs track bet-
ter on moist ground and/or on humid days, and we are all familiar with the smell
of a wet dog. This phenomenon has far-reaching consequences for the choice of
compounds and communication patterns in humid versus arid climates. Some
field studies have demonstrated behavior differences between wet and dry sea-
sons. For example, the blackbuck, Antilope cervicapra, ceases to use dungpiles
during the monsoon season (Prasad, 1989). Environments with high temper-
atures and humidity, such as tropical forests, call for range marks with active
compounds that are either large molecules (Alberts, 1992a) or contain effective
keeper substances that slowly release volatiles.

Ananimal can control release of odor molecules from body surfaces, especially
skin gland areas, up to a point. But in moist air, volatiles from secretions on skin
or hair will evaporate more easily. If only intermittent odor emission is desirable,
humidity would interfere with the animal’s odor release. Glands that produce
such intermittent signals, such as alarm odors, appear to be more developed in
species or subspecies in drier climates. An example is the metatarsal gland in
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the North American deer genus Odocoileus. Within one species, the size of the
gland, or even its presence or absence, varies with the climate. In populations
of white-tailed deer, Odocoileus virginianus, the gland becomes smaller (or even
absent) from eastern North America to more humid Central America and north-
ern South America. In the western mule deer, Odocoileus hemionus, the gland is
larger in more arid environments. Finally, comparing the two species, the mule
deer of the more arid western North America has a larger metatarsal gland than
the white-tailed deer of the more humid east (Miiller-Schwarze, 1987). Similarly,
of two species of the Indian gerbil genus Tatera, the one in a drier climate has a
ventral gland, whileitis smaller or absent from the species of a more humid envi-
ronment (Prakash and Idris, 1982; Kumari and Prakash, 1983).

It is important to measure humidity exactly where an animal operates. In a
meadow on a summer afternoon, the relative humidity can be over 90% at 5 cm
above ground, but only 60% at 60 cm (Geiger, 1965). The implications of this
would be different for a deer or a rodent. Furthermore, a species like a deer beds
down on the moister ground but applies scent marks on branches in a higher,
drier layer of air. The rodent, by comparison, experiences a higher and stable
level of humidity in its burrow or cave. Humidity is high in stands of plants,
and different plants offer different conditions. For instance, forest edges pro-
mote precipitation from fog. East-facing forest edges are in the wind and rain
shadow and, therefore, experience less humidity.

Mammalian odor reception is modulated by relative humidity. For instance,
neotropical bats (Carollia perspicillata and Phyllostomus discolor) are less able to
approach an experimental banana odor correctly if the humidity is lowered from
the normal 75% to under 60%. The sensory impairment results from drying out
of the nasal mucosa in low humidity (Laska et al., 1986).

It is well known that dogs track better in humid air. Rodents find buried
seeds better in wet soil. This is important in arid climates. After rains, yellow
pine chipmunks, Tamias amoenus, and deer mice, Peromyscus maniculatus found
experimentally buried seeds of Jeffrey pine, Pinus jeffreyi, and antelope bitter-
brush, Purshia tridentata, better than in dry soil. The recovered number of seeds
increased 27- and 15-fold, respectively. In wet soil, seeds take up water rapidly
and emanate volatile organic compounds that the rodents exploit. By exten-
sion, variations in humidity in arid environments may have profound effects on
olfaction-dependent behaviors such as finding food, social interactions, preying,
and predator avoidance (Vander Wall 1998).

Rodent species differ in their ability to smell buried seeds: those from arid cli-
mates perform better than species from mesic climates. Specifically, Panamint
kangaroo rats, Dipodomys panamintinus, from arid and semiarid areas of the Great
Basin Desert in North America were the only species that found deep caches
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of seeds under dry conditions. By contrast, chipmunks from more humid east-
ern North America performed the poorest in finding buried sunflower seeds
under dry conditions (Vander Wall et al., 2003). Like the much-studied pesti-
cides, volatiles adsorb to soil particles and desorb from theses particles when the
moisture exceeds the thickness of a monomolecular layer, increasing the vapor
pressure; this, in turn, facilitates finding buried seeds (Vander Wall, 2003). Fur-
thermore, rodents, use memory as well as odors to find buried seed caches. As
moisture favors searching by smell, pilfering occurs more often after rains (Van-
der Wall, 2000).

1.1.3 Barometric pressure

Hyperbaric pressure may intensify odors or render odoriferous some
“odorless” gases such as methane. Professional divers, experimentally exposed
to hyperbaric pressures, detected odors of krypton and methane when sniffing
these during the decompression phase of a dive. The threshold for krypton was
2 ATA (atmosphere absolute), and 100% positive responses occurred at 6 ATA. For
methane, the threshold was 3 ATA (100%: 13 ATA). The thresholds of individuals
differed by as much as a factor of three (Laffort and Gortan, 1987).

1.1.4 Air currents

Odors travel in moving air. During their long evolutionary history, ani-
mals have adapted to detecting chemical signals from downwind. Many ani-
mals integrate chemotaxis with photo-, anemo-, or rheotaxis (Vickers, 2000).
Several natural history accounts of large mammals report movements into the
wind and presumably toward rain and fresh forage. According to French Camel
Corps reports, dromedaries are said to detect water pools and fresh pasture from
40-60km away. These animals turn into wind blowing from rain clouds and
will head into that direction if permitted by the rider (Gauthier-Pilters, 1974).
African water buffalo, elephant, and zebra are assumed to “smell rain” and
migrate there (Daly, 1988). Arabian oryx, Oryx leucoryx, are reported to do the
same over distances of about 50km. One female was documented to have trav-
eled 150km to an area of fresh rain (Daly, 1988).

Factors affecting currents

Turbulent flow
The air flow in the microclimate of an animal’s home range usually is
more complicated than basic laminar flow (which does not even exist over large
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distances and open areas). Fluctuations in air velocity cause turbulence, and sta-
tionary objects may create such fluctuations. The air is almost always turbulent,
and intact parcels of air laden with odor molecules travel in random fashion
(Geiger, 1965). The multidirectional turbulence is superimposed on the hori-
zontal wind flow pattern. Mechanical turbulence is caused by wind, and thermal
or convective turbulence by heated air rising. The plume from a smokestack loops
up and down on a hot day. Such a “looping plume” is shaped by thermal up-and
downdrafts, which account for more vertical displacement than the small-scale
mechanical turbulence (Thibodeaux, 1979). Clearings in dense forest experience
eddies spinning off from the general flow over the treetops, while a sparse stand
of trees has a more laminar air flow. Small eddies are typical for the air directly
above the air-soil interface (Thibodeaux, 1979). Eddy diffusion varies in space
and time: it is less intense and more variable near the ground, and the great-
est mixing of air occurs during midday while at night the air is more stable. An
exception is the thin layer of air that adheres to the ground, walls, or vegetation.
Processes here follow the laws of molecular physics, and not those of eddy diffu-
sion (Geiger, 1965). In most atmospheric odor movements, however, turbulence
swamps molecular diffusion. Amonginsects, turbulentair flow around obstacles
such as trees influences the response of a predatory beetle, Rhizophagus grandis, to
the odor of their prey, bark beetles (Wyatt et al., 1993).

The more stable the air, the higher the concentrations of odor that can be
carried over long distances. This, in turn, increases potential communication
distances. However, unstable air conditions disperse the odor molecules more
“sideways,” with a wider “cone;” consequently more individuals can be reached,
although the signal is attenuated over a shorter distance. “Parcels” of odor-
containing air travel straight, but subsequent parcels travel at different angles,
as the wind direction changes over time (David et al., 1982). Fluctuations in
speed and direction (“meandering”) expose an organism that is fixed in place to
changes in odor concentration, including zero levels. This amounts to an on-off
effect that, in turn, counteracts habituation of the animal’s chemical senses.

Mountains

In the mountains, differential heating during the day causes upslope
winds, which move up both sides of a valley, and upvalley winds that blow along
the valley. During the night, the directions reverse to downslope and downvalley
winds (Geiger, 1965; Fig. 1.3).

Large areas
Pressing problems of air pollution have spawned experiments and
models of odor dispersion over larger areas. Strom (1976) and Beaman (1988)
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FIGURE 1.3 Changes of wind directions in a valley during 24 hours (from A
[night] to H [night again]). Black arrows indicate valley winds and white arrows
indicate slope winds. (From Geiger, 1965.)

analyzed transport of stack effluents. Beaman concluded that models of gas dis-
persion downstream from a source such as a factory predict the actual gas distri-
bution better in rural than in urban areas.

Fluctuations in concentration in eddies
The changes in odor concentration during transport depend on eddy
size. Large eddies carry small puffs of odor intact, with little concentration
change over time (and distance). Eddies smaller than the puff let the puff
grow slowly and concentration decreases, but slowly. Puffs of about the same
size as eddies are torn apart, and concentration decreases rapidly. Mixtures of
compounds of different molecular sizes will retain their relative concentrations
in turbulent flows. Therefore, odor mixtures such as those from plants can con-
tain compounds of high and low molecular weights, even though their separate
diffusion rates would be different.
How have animals adapted their communication patterns to prevailing wind
patterns? Air flows may be variable, as over slopes, valleys, wood slopes, and for-
est edges; continuous and strong, as on grasslands, tundra, or the Antarctic;
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y=97m
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FIGURE 1.4 Active space for different wind speeds. A single female gypsy moth at
the tree on the left emits sex attractant. The space where the concentration of
pheromone is above threshold (for a searching male) is defined by the dimensions x,
y,and z. The active space shrinks with increasing wind velocity. (From Wilson,
1970.)

minimal, as in woods; or absent, as in caves and burrows. In general, animals
are expected to rely on wind only for longer-range attraction to food or con-
specifics, avoidance, or warning of conspecifics or predators. Finer details, such
as the exact outline of a territory, or the identity of an individual, can be assessed
by sniffing scent marks or the animals themselves at close range. In some envi-
ronments, air flow patterns can be very complex, and we have not even asked how
vertebrates exploit these for effective communication. For instance, how do noc-
turnal downvalley winds and the water current along streams affect odor signals
used by beaver? Active at night, beaver probably use these for signal propaga-
tion between neighbor colonies. They cannot easily exploit the daytime upvalley
wind, because they stay in their lodge during the day.

Active space

The biologically significant active space where the odor concentration is
above threshold is shaped like an overturned boat (Fig. 1.4). (If the molecules
were able to spread in all directions, as from an elevated odor source, the active
space would assume the shape of a cylinder with pointed ends.)
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To calculate the active space, the investigator needs to measure odor emission
rate, detection threshold of the animal, and wind speed.

Plume models

Pheromone propagation by wind depends on the release rate of the
pheromone (or any other odor) and air movements (turbulent dispersion). In
wind, the turbulent diffusivity overwhelms the diffusion properties of a volatile
compound or mixture itself. Diffusion properties are now properties of wind
structureand boundary surfaces, and preferably termed dispersion coefficients. Two
models have dominated the discussion of insect pheromone propagation. These
are the time-average model (Sutton, 1953) and the Gaussian plume model.

The time-average model considers the average concentration of airborne
materials at sites downwind from a point source. The concentration (or
density D) of a pheromone at any one point with the coordinates x (down-
wind direction), y (horizontal crosswind [transverse] dimension), and z (vertical
dimension) can be estimated with the following formula.

20 w2 (Y 7
Dypp= ——=< exp| a2 (L + 2
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where Q is the release rate; U the mean wind speed; C, and C; are horizontal and
vertical dispersion coefficients, respectively; and 7 a parameter ranging between
0and 1. Wilson and Bossert (1963) have applied this model to pheromones. Dis-
persion coefficients are functions of atmospheric turbulence, terrain roughness,
and vertical wind speed profile. According to Sutton (1953), with light winds
of speeds between 100 and 500cm/s, neutral atmospheric conditions, and level
ground: Cy = 0.4cm'/®,C; = 0.2cm'8, andn = 0.25.

The release rate Q is doubled to 2Q because odor clouds released on or near the
ground are “reflected” by this boundary layer. (For elevated odor sources, only O
is used because the molecules can disperse in all directions.)

Most pheromone biologists have used the Sutton formula. For elevated odor
sources, a more complicated version of the equation exists. However, compared
with the concentration differences at different distances from the source, those
between elevated and ground-level sources are minuscule (Elkinton et al., 1984).

Now we introduce the sensitivity (perception threshold) of the receiving ani-
mal. According to Bossert and Wilson (1963), the downwind maximum distance
Xmax (in cm) at which the concentration of an odor remains above threshold is

X, = 20 o
T \KnCyCU
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where Q is rate of odorant emission in molecules per second; K is the thresh-
old (molecules/cm®); C, and C; are dispersion constants (0.4 cm'/® and 0.2 cm'/,
respectively; see above); U is the mean wind speed; and 7 is 0.25. For example,
the emission rate Q for carcass odors that attract vultures is assumed to be up to
20/day or 7 x 108 to 1.4 x 10%° molecules/s.

Again, 2Q is used instead of Q because the odor is “reflected” from the ground,
and twice as many molecules fill the space above ground than would if the odor
spread equally in all directions.

The Gaussian plume model estimates the average pheromone flux by multiply-
ing the measured odor concentration by mean wind speed, using the following
formula (Elkinton et al., 1984). Everything is the same as in the Sutton model,
except that oy and o, respectively, replace the terms C, and C; of the Sutton
model. Dispersion coefficients are determined for each experiment separately.

2 72
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Here oy and o, the horizontal and vertical diffusion coefficients, are the stan-
dard deviations of the cloud dimensions in the horizontal and vertical direc-
tions, respectively. They are functions of the downwind distance x and, in this,
differ from the constants C, and C; of the Sutton model:

1 . -y

— ~Cu.x (2—-n)/2
Oy 2

and o, = 21 C,x
2

The rate of dispersion and the values of the dispersion coefficients depend also
on terrain and atmospheric conditions. There are “prairie grass” coefficients and
values for forests (Fares et al., 1980). Both are discussed by Elkinton et al. (1984).
(In one more complicated equation, the Gaussian model also considers absorp-
tion on the ground surface by introducing a factor «.)

Both the Sutton and the Gaussian models underestimate the width of the
active space at each distance, as Elkinton et al. (1984) showed. Currently, the
Gaussian plume model is preferred over the Sutton model because the dispersion
coefficients are measured anew in each experiment. In the Gaussian model, how-
ever, the dispersion coefficients are functions of the downwind distances x and
correspond to the standard deviation of the vertical and horizontal distribution
of the concentration along any axis perpendicular to the mean wind direction.
Elkinton et al. (1984) pointed out that the Gaussian plume model can be easily
applied to a great range of atmospheric stabilities. The dispersion of the plume
is affected by temperature changes and resulting turbulence. In the Gaussian
model, the size of the active space shrinks as wind speed increases. One has to
distinguish concentration (g/cm?) from flux (g/s per cm?). The flux increases in

11
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direct proportion to wind speed. Flux is more pertinent for stimulation of recep-
tors in animals. Both models consider average concentration over several (3 to
15) minutes. But insects and other animals experience meandering turbulent
plumes; consequently most of the time the concentration is below threshold,
interrupted by brief exposures to above-threshold concentrations. Therefore,
the active space is actually larger than predicted by the models.

For triggering behavior, the concentration at one point in time is more impor-
tant than the average concentration. Therefore, in the real world, consider-
able deviation from time-averaging models is observed. In addition to time-
averaging models, peak concentrations of odors in turbulent systems have to
be considered. Aylor (1976) estimated peak concentrations for air currents in
forests. Average concentrations, as calculated by the Sutton formula, may be as
low as only a few percent of maximum (peak) concentrations. Itis often the latter,
however, that would trigger an animal’s response.

Webster and Weissburg (2001) visualized instantaneous versus time-averaged
odor plumes by laser-induced fluorescence. The spatially varying plume at any
particular pointin time matters more to an animal than an average plume shape.
The mean direction and speed of air flow may be relatively constant, but the ani-
mal may extract information from concentration differences on very small tem-
poral and spatial scales.

1.1.5 Topography and vegetation

Topography and vegetation create air currents and modify existing
wind. Vegetation affects air flow patterns and may adsorb and re-emit odor
molecules (Perry and Wall, 1984). The flow over vegetation is “practically
exclusively turbulent” (Geiger, 1965). Within vegetation there is little eddy
diffusion. The scale of vegetation will affect communication patterns in terres-
trial vertebrates: obviously, a vole in a grassy runway, deer in a mature forest, and
soaring vultures separated froma carcass by a forest canopy all face different odor
propagation problems.

In forests, mechanical turbulence is caused by trees, and temperature inver-
sions by the forest canopy. Ventilation inside a forest is complex and not readily
described by existing air flow models (Aylor, 1976).

Forest edges

In the ecologically important forest edges, during daytime a “forest
breeze” blows from under the tree trunks into the open. However, because the
trees act as obstacles, there is no reverse “field breeze” at night, as between land
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FIGURE 1.5 “Silentzone” inlee of a hedgerow. Wind-tunnel visualization of air
movement over a windbreak, such as a hedgerow, with aid of a bubble generator.
wildlife seck such zones for protection from wind, but information flow through
air can be reduced there. (From Moen, 1973.)

and sea. Only in mountainous wooded areas is there a night forest wind that
blows into the open country. This downdraft from the radiating crown layer is
a night-cooling phenomenon, and not a “forest wind” (Geiger, 1965). Uneven
heating inside the forest drives night breezes of about 10cm/s, but the heteroge-
neous canopy is more important than this differential heating.

A “quiet zone,” about two to three tree heights long, forms in the lee of a for-
est (Fig. 1.5). It is much shorter behind a forest edge than behind a thin shelter
belt. In the open, air currents reach again their maximum speed at a distance
of 20 to 70 tree heights from the forest edge (American Meteorological Associa-
tion, 2000). This will affect the behavior of animals such as deer bedding down
or predators chemo-searching for prey; for thermoregulation, an animal should
bed down in the “quiet zone,” but to receive airborne chemical information
on conspecifics, predators, or food it should stay in the wind beyond the
“quiet zone.”

Area odors

Model experiments have shown the rates of evaporation of volatiles
from vegetated areas. The flux of ammonia and related amino compounds from

13
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an Australian sheep pasture into the atmosphere was measured by collecting
air samples in traps at different heights above ground level. The flux of nitro-
gen compounds was highest at midday and lowest during the night. Wind and
humidity affected flux and gas composition. Pure ammonia was characteris-
tic for cool, humid weather. The pasture lost on average 0.27kg nitrogen/ha
(Denmead et al., 1974). Such “area odors” may serve as important cues for food-
seeking herbivores, or migrating mammals or birds.

1.1.6 Chemical environment

In mixtures such as secretions and scent marks, the polarity of the
non-pheromonal compounds may greatly affect the release of the active odor
molecules (Regnier and Goodwin, 1977). The pH also affects volatility; with
higher acidity, a volatile odoriferous base, such as an amine, will form larger
amounts of non-volatile salts and, therefore, contribute less to perceived odor.
Conversely, odorous acids such as volatile fatty acids will increasingly form salts
as the alkalinity increases (Albone, 1984).

1.1.7 Environmental perturbances

More and more artificial changes of the modern environment interfere
with communication behavior of animals and humans. Gases, radiation, and
gravity all affect responses to odors.

Gases

As an example, low levels of carbon monoxide (CO), together with
ingested alcohol, reduce sensitivity to guaiacol, which hasa “smokey” or “burnt”
odor (Engen, 1986). Smokers take up CO. If they also drink, they could be
impaired in their ability to detect smoke from a fire.

Radiation

Patients who were irradiated for 5 weeks with photons of SMV of energy
at 3Gy/min, for nasopharyngeal carcinoma or pituitary adenoma, became less
sensitive to odors. Their thresholds for amylacetate and eugenol were deter-
mined before and several times after radiotherapy. One week after irradiation,
the thresholds had increased from 10 to 2 dilution steps. Sensitivity recovered
over the subsequent weeks, reaching 6-8 dilution steps 6 months after treat-
ment. The dose received by the olfactory area was estimated as 2Gy/day (Ophir
etal., 1988).



1.2 WATER

Gravity

The gravitational field affects olfaction as it does vision, audition, or
vestibular function. It could impair detection of dangerous fumes or burning
electrical equipmentinairplanes or space vehicles. Astronauts also reportaltered
perception of food flavors under weightless conditions. Men and women tested
with four “scratch-and-sniff” odor samples of the University of Pennsylvania
Smell Identification Test identified odors more poorly when in an upside-down
position (Mester et al., 1988).

In another experiment, animals were accelerated. Puppies, aged 1-20 days,
were rotated in a drum for 5 or 15 minutes and accelerated for a maximum of
3 x g. Their response to eucalyptus odor changed from neutral to negative, and
that to maternal odor from positive to “uncertain.” Odor aversion to eucalyptus
lasted longer than that to maternal odor. When visual and auditory stimuli start
to control behavior at the age of 12-13 days, the induced odor aversion is more
easily suppressed (Kassil and Gulina, 1987).

1.2 Water

Aquatic animals use their chemical senses in all aspects of their lives,
from reproductive behavior to feeding, habitat selection, and predator avoid-
ance. The hydrodynamic properties determine the possibilities and limits of
chemical communication in water. As a medium, water is as dynamic as air, so
that convection and advection are far more important for odor transport than
is diffusion. Distribution by currents is even more important in water because
compounds of similar molecular weight diffuse four orders of magnitude more
slowly than in air (Gleeson, 1978). Diffusion of odorants may be important only
in the submillimeter range, while turbulence is typical for water masses above
the centimeter range.

1.2.1  Boundary layers

In flowing water, the “boundary layer” is the water mass above the sub-
strate. This boundary layer is defined as that part of the flow where the veloc-
ity ranges from 0 to 99% of the velocity of the stream. Most boundary layers of
biological interest are turbulent (Webster and Weissburg, 2001).

The behavior of the animal in response to flow is important, not just the flows
themselves. An animal searching for the source of an odor moves in the direction
of increasing stimulus intensity and stays within the boundaries of the plume. If
an animal needs to sample odor in turbulence frequently, it may have to reduce
speed, to untenable levels in the case of moths or birds, or to an energetically
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Table 1.1 Properties of viscous versus turbulent environments

Viscous environment Turbulent environment

Reynolds number Low High

Signals Change slowly Chaotic structure

Flow Low Bulk flow, perceptible to
animal

Gradient Continuous Intermittent

Animal Searches in three dimensions Relies on flow

for odor boundaries

Sensory integration Slower integration time Rapid integration of brief odor

pulses

demanding level in the case of fish. This, in turn, means that it may not
arrive in time or expose itself more to predation (Webster and Weissburg, 2001)
(Table 1.1).

Depending on the organism, we have to consider water masses and move-
ments ranging from the submillimeter “micropatches” all the way to the
oceanographer’s gyre on the 1000km scale. Large bodies of water from fresh-
water lakes to oceans are stratified. Fish or other animals may sample several
of these stable layers and select one that “smells right.” Indeed, salmon (Salmo
salar) with their olfactory sense experimentally obliterated did not sample cer-
tain water layers and were unable to select one as fish with intact sense of smell
could do (Dgving et al., 1985). It has been suggested that the shear between two
horizontal layers could be utilized to determine the lower or upper boundary of
a particular layer (Westberg, 1984).

1.2.2  Sampling behavior and information currents

Most aquatic animals, notably vertebrates, have to sample turbulent
water with patchy odor distribution. Two types of stimulus access (“sniffing”)
have been distinguished in fish: “cyclosmates” such as tuna or lobster, which
sample a specific sniff volume in sniffs or flicks, and “isosmates,” which sample
a steady, ciliary-driven water flow. This latter type of stimulus access is found in
slow-moving animals such as catfish, eels, dogfish, or mud snails (Atema, 1988).
In turbulent water, patch boundaries will be the sharper the more recently the
odor was released. When crossing an odor patch, the animal will learn about the
distance to the odor source from the rate of concentration change.

In water, currents may be utilized or even created to communicate chemically.
Beaver, river otter, mink, or various fish may simply release their odorants intoa
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stream. Lobster, tail-waving newts, and possibly fanning fish produce informa-
tion currents that propel chemical signals toward recipients. In the lobster, the
female sends a current with pheromone into the male’s shelter. The male, in
turn, draws water toward himself and fans it out into the surroundings, signal-
ing his mating status (Atema, 1986).

Water may be better than air for studying the dynamics of stimulus dis-
persal, because in this denser medium fluid dynamic processes are attenuated
(Atema, 1988). As interindividual distances increase with increasing body size,
pheromone communication becomesless and less practical in water, particularly
because of signal delays, dilution, and cross-currents.

1.2.3 Water as solvent

The chemical properties of water determine what compounds will leach
out of soil and vegetation, and hence what chemicals other plants and animals
will be exposed to. For instance, acidic water will extract alkaloids from plant
materials.

1.3 Water-air interface

Odor retention, release and propagation on water surfaces are important
to many animals, but we know little of how animals exploit or actively manipu-
late these processes.

Freshwater mammals such as beaver may leave odors on the surface of their
ponds and olfactorily sample the water or layer of air immediately above it.
Lipids on water may form micelles, small blobs of molecules (from Latin mica, a
grain, crumb, morsel) that enhance evaporation into the air layer by increased
chemical potential. Some seabirds hunt by odor (e.g. Hutchison and Wenzel,
1980; Nevitt, 1999). They may respond to prey volatiles (from krill, squid, or fish)
that rise to the water surface and evaporate into the air. The air-water equilib-
rium for dilute solutions can be expressed by using partition coefficients, rela-
tive volatility, or Henry’s law (Thibodeaux, 1979).

1.4  Influence of setting

The circumstances of an odor experiment are important. For instance,
male carp, Cyprinus carpio, spermiate in the presence of females that ovulate after
having been injected with carp pituitary homogenate (as is already known for
goldfish). This effect occurred in earthen ponds (200m?) but not in bare tanks
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Table 1.2 Different behaviors in different settings

Species Behavior Field Laboratory Reference
Kin recognition
Bufo americanus Associate with kin Yes No Waldman, 1981
Rana cascadae Associate withkin ~ Yes No O’Haraand
Blaustein, 1985
Reproductive behavior
Carp Cyprinuscarpio  J'spermiates in In earthen ponds: In bare tanks:no  Billard et al.,
presence of @ yes 1989
injected with
pituitary
homogenate
Domestic cattle dmounts @treated  Pasture: only treated  Stalls: mount Sambraus and
with estrus urine ? mounted indiscrimi- Waring, 1975
nately
Feeding behavior
Brown tree snake Responds strongly ~ No Yes D. Chiszar,
Boiga irregularis to fish attractants personal
and trapper’s lures communication
Townsend’s vole Feeding in presence  Avoids repellent Test without Merkens et al.,
of repellent only in open, notin  cover may be 1991
cover misleading
Mongoose Aversive Avoid scented, toxic Will notavoidat  Nicolaus and
conditioning to eggs from a distance, break Nellis, 1987
scented, toxiceggs  distance shell, eat still
Responses to predator chemicals
Avoiding area Farmland, golf Enclosure: avoid  Ward et al., 1997
Hedgehog Erinaceus  3inted with courses: avoid treated area for
curopacs badger (predator) treated area for 2 days
feces minutes or hours
only
Chinook salmon Conditioned to Better survival in No survival Berejikian et al.,
recognize predator  creek but only if benefitin 1999
(cutthroat trout) raised in complex hatchery
habitat raceway; and
none if raised in
simple habitat
Gray-tailed voles Mink odor effecton  No effect Reproductive Wolffand
Microtus canicaudus reproductive rate, behavior Davis-Born,
sexual maturation, suppressed in 1997
juvenile M. agrestis and
recruitment bank voles,
Clethrionomys

glareolus
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(2m?) (Billard et al., 1989). In this experiment, the effect may not be clearly
pheromonal, as the fish could see each other.

The American toad, Bufo americanus, discriminates kin from non-kin (after hav-
ing been raised in mixed groups of siblings and non-siblings) only in the field, but
not in the laboratory. The same is true for the cascades frog, Rana cascadae. These
results have been summarized by Blaustein and Waldman (1992). Conversely, the
brown tree snake, Boiga irregularis, responds strongly to fish attractants and trap-
pers’ lures in the laboratory but hardly at all in the field (D. Chiszar, personal
communication, 1994).

Finally, in cattle, bulls respond to female sexual odors on pastures but not in
stalls (Sambraus and Waring, 1975). Table 1.2 summarizes these findings.
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Properties of vertebrate semiochemicals

... the odors of ointments are more durable than those of flowers.
FRANCIS BACON (1561-1626): Essays, Of Praise.

On the banks of the Plata I perceived the air tainted with the odour of the male Cervus
campestris, at half a mile to leeward of a herd; and a silk handkerchief, in which I carried
home a skin, though often used and washed, retained, when first unfolded, traces of the
odour for one year and seven months.

CHARLES DARWIN: The Descent of Man, p. 529.

The structures of vertebrate chemosignals reflect their functions and
the environment they are used in. Temporal parameters, spatial range, localiz-
ability, intensity, detectability, and information content of the signal depend
on both the chemical structure and the operating environment (Alberts, 1992a).
The chemical properties involved include functional groups of the molecule;
volatility; aromaticity; the number of compounds composing the entire signal;
and when, where, and how it is emitted (Alberts, 1992b).

21 Functional groups

Functional groups can determine communicative activity of a molecule.
For example, hypoxanthine 3N-oxide triggers alarm responses in Ostario-
physan fish. The amineoxide (NO) functional group (Fig. 2.1) appears to be
essential for the antipredator behavior of fathead minnows, Pimephales promelas,
and finescale dace, Phoxinus neogaeus (Cyprinidae) to occur. Structurally similar
molecules lacking the NO group did not release alarm responses in two tetra
species (Charicidae). All four species belong to the Ostariophysi, and the response
to the NO group is probably widespread in this order, also known as Cyprini-
formes (Brown et al., 2000).
In another example for functional groups, Gower and Ruparelia (1993) noted
that the odoriferous steroids that play a role in communication share certain
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FIGURE 2.1 Hypoxanthine oxide, a fish alarm pheromone.

features. They are relatively volatile, lack any substituent at C-17, are unsatu-
rated at C-16 and C-17, have only one oxygen function at C-3 and hence are
very non-polar. The double bond at C-16-17 is not important for the odor
to humans, while manipulations at C-3 change the odor quality (Gower et al.,
1989).

A third example is the role amino acids such as r-aspartate and r-glutamate
have in deterring feeding by the oriental weatherfish, the loach Misgurnus anguil-
licaudatus, presumably signaling a predator. Monoalkyl and dialkyl esters of
these amino acids are less repellent. This indicates that the carboxyl group is
important for the repellent activity. In the same vein, acetic acid is repellent,
while alkyl acetates are less so. Again, the carboxyl group appears to mediate the
effect (Harada, 1989).

Further examples of the importance of functional groups for behavior are the
responses of sunfish tosteroids in beetles, their prey; reactions of birds and mam-
mals to capsaicin-related compounds; and fear behavior of rats when exposed to
sulfur compounds from fox urine and feces.

Of several related steroids in the defensive secretion of dytiscid beetles, deoxy-
corticosterone was most effective. It deterred sunfish from feeding in 94% of the
tests. Other steroids (pregnolones) that differed only by lacking a keto group at
onecarbonatom were either intermediate or notactiveatall (Gerhartetal., 1991).

Capsaicin analogues that differ in only one functional group affect birds and
mammals differently. A change from an acidic phenolic hydroxyl group in vanil-
lyl acetamide to a methoxy group in veratryl acetamide reverses the effect on star-
lings and rats. The first was aversive to starlings, but attractive to rats, while the
opposite was true for veratryl acetamide (Mason et al., 1991).

Finally, fox urine and feces contain sulfur compounds that “stress” rats. In
several mercaptoketones, the thiol (mercapto) group was essential for the effect,
while the keto group was not (Vernet-Maury et al., 1984).

In addition to their presence, the position of functional groups in a molecule
can determine its smell. This is known as “regional selectivity.”
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Table 2.1 Odor differences of isomers and enantiomers

Compound Odor perceived by humans
Vanillin Odor of vanilla

Iso-vanillin Odorless

(S)-4-Carvone Caraway

(R)-4-Carvone Spearmint
(+)-Androsta-4,16-dien-3-one Urinous, sweaty, musky, woody

(only 10-20% can smell it)
(=)-Androsta-4,16-dien-3-one Odorless

2.2 Polarity

Most compounds in vertebrates and insects contain polar func-
tional groups (Wheeler, 1977). An intriguing question is whether marking
pheromones are less polar than water-soluble ones, such as those in urine. The
polarity of non-pheromonal compounds in a mixture greatly affects pheromone
release into the environment (Regnier and Goodwin, 1977).

2.3  Solubility

Chemical signals in urine, fresh-, and saltwater are water soluble. In
water, many more compounds are pheromones candidates than in air, because
molecules of a wide range of sizes are water soluble. Terrestrial scent marks have
to survive humidity and precipitation and so here the active components are
soluble in lipids.

2.4  Isomers and enantiomers

Humans and insects can discriminate enantiomers of the same com-
pound (Friedman and Miller, 1971; Russell and Hills, 1971) (Table 2.1). Black-
tailed deer (Odocoileus hemionus columbianus) discriminate between the two geo-
metric isomers and somewhat between the enantiomers of the “deer lactone”
(Fig.2.2)(Brownleeetal., 1969; Miiller-Schwarzeetal., 1976, 1978a). Young male
Asian elephants have more (+) than (—) enantiomer of frontalin in their tempo-
ral secretion. Their secretion and (+)-frontalin affect conspecifics little. However,
the nearly recemic enantiomer mix from mature bulls attracts ovulating females
and repels males (Greenwood et al., 2005)

2.5 Volatiles

Secretions and excretions of terrestrial vertebrates contain compounds
with a wide range of volatility. For convenience, the two ends of the continuum
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FIGURE 2.2 The “deer lactone: (Z)-4-hydroxydodec-6-enoic acid lactone.
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are arbitrarily termed volatiles and non-volatiles. Both can be integral parts of
chemical signals between animals. The molecular weight of volatile compounds
ranges from about 16 to 300 Dalton (Wilson and Bossert, 1963). Volatility can be
increased by elevated temperature.

Long-distance communication via airborne odors requires volatiles, while
non-volatiles can effectively be used in short-range communication that requires
body contact, as in mutual licking by two animals or the nuzzling and licking of
a female by a male in mating behavior. Indeed, mating pheromones are often
of low volatility. Many communication systems employ both volatiles and non-
volatiles, either simultaneously or in sequences, as when long-range attraction
by volatiles is followed by close-range inspection of a conspecific - or of a plant
in the case of herbivory — with sniffing, nibbling, biting, or chewing. Acceptance
or recognition of young or group members may be the result of exchange of non-
volatile signals at close range.

A mammal may emit many volatile compounds. Humans, for instance, give off
hundreds of volatiles, many of them chemically identified (Ellinezal., 1974). The
volatiles include many classes of compound such as acids (gerbil), ketones, lac-
tones, sulfides (golden hamster), phenolics (beaver, elephant), acetates (mouse),
terpenes (elephant), butyrate esters (tamarins), among others. The human sam-
ples mentioned before contained hydrocarbons, unsaturated hydrocarbons,
alcohols, acids, ketones, aldehydes, esters, nitriles, aromatics, heterocyclics,
sulfur compounds, ethers, and halogenated hydrocarbons. Sulfur compounds
are found in carnivores, such as foxes, coyotes, or mustelids. The major volatile
compound in urine of female coyotes, Canis latrans, is methyl 3-methylbut-3-
enyl sulfide, which accounts for at least 50% of all urinary volatiles (Schultz
etal., 1988).

In the secretions of the anal sacs of dogs (Canis familiaris) and coyotes (C. latrans)
the most abundant volatile compounds are trimethylamine, short-chain (C,—Ce:
acetic, propionic, isobutyric) acids, acetone, and 2-piperidone (Preti et al., 1976).

Free fatty acids up to Cs are found in urine and other mammalian secretions
(Albone, 1984); Cs and Cg free fatty acids occur in the anal gland secretion of the
aardwolf (Apps et al., 1989),and C;, Cs, Co, C19, and Cy,, “and their isoforms,” in
the marking fluid of the tiger (Poddar-Sarkar et al., 1991).
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The well-known defense secretion from the skunk’s (Mephitis mephitis) anal
glands contains thiols and disulfides (Andersen and Bernstein, 1975) and
thioacetates (Wood, 1990). The seven major compounds are (E)-2-butene-1-thiol,
3-methyl-1-butanethiol, S{E)-2-butenyl thioacetate, S-3-methylbutanyl thioac-
etate, 2-methylquinoline, 2-quinolinemethanethiol, and S-2-quinolinemethyl
thioacetate(Wood, 1990). Table 13.3 (p. 403) and Fig. 10.9 (p. 403)list some of the
sulfur compounds found in Mustelids. Thiols are responsible for the unpleasant
smell of the skunk’s spray. In the presence of water, they are formed from thioac-
etates, which also smell rather repulsive. However, the human nose is not neces-
sarily a good judge of what is significant to animals. For instance, a krill extract
fraction that humans perceived as fishy did not attract (fish-catching) petrels par-
ticularly strongly (Clark and Shah, 1992). At the other extreme, chin gland marks
of rabbits appear odorless to humans (Mykytowycz, 1965).

Volatiles from fecal pellets of wild male house mice include ketones, alcohols,
and carboxylic acids. Pellets aged over 24 hours had 20 major volatiles whereas
fresh pellets had only 15 (Goodrich et al., 1990).

The number of carbon atoms of saturated straight-chain compounds corre-
lates with hydrophobicity, molecular volume, and molecular length. All three
could affect the interaction of an odorant ligand with the olfactory receptors
(Johnson and Leon, 2001).

The techniques for trapping, concentrating, isolating, and identifying
volatiles have been developed by flavor chemists and insect pheromone re-
searchers and are not detailed here. Some of the techniques useful for mammals
are summarized in Albone (1984) and Millar and Haynes (1988).

2.6 Non-volatiles
2.6.1 Proteins

The molecular size of non-volatile compounds may be very high. The
“mounting pheromone” or “aphrodisin” of the golden hamster, Mesocricetus
auratus, is a protein with a molecular mass of 17000 daltons (Da) (Singer et al.,
1989). It belongs to the alpha-a,,-globulin superfamily and is very similar to
the major urinary proteins (MUPs) in mice (Fig. 2.3), the bovine g-lactoglobulin
from cow’s milk, and the pyrazine-binding protein in the nasal mucosa.

Mouse urinary proteins

The urine of male mice contains high levels of MUPs, which play an
important role in scent communication. Male mice excrete higher levels (up to
20mg/ml urine) in their urine than females, and secretion increases with sexual
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Amino acid: 32-73

FIGURE 2.3 Major urinary protein (MUP) of mouse, showing region of
polymorphic variation. Left: Ribbon model with a volatile ligand (TZL: thiazole) in
binding pocket. Center: Ribbon in lower center shows location of variable amino
acid sequence. Right: Space-filling model with variable polypeptide chain segment
shaded darker, in middle region. (Courtesy Robert J. Beynon.)

maturation. After castration, levels fall to 2.5 to 3.5%, and androgen treatment
restores higher levels. This protein type belongs to the lipocalin superfamily
and is synthesized in the liver. The liver of males contains three to five times
more mRNA for MUPs than that of females. The barrel-shaped (eight-stranded
B-barrel), 18kDa MUP has a hydrophobic cavity that serves as a “container” for
volatile ligands (Beynon et al., 1999). This pocket in the molecule binds small
hydrophobic molecules and a wide range of odorants can be bound. Mouse urine
contains 2-sec-butyl-4,5-dihydrothiazole and 2,3-dehydro-exo-brevicomin and
these volatiles are assumed to signal the presence of a male, while the MUP pro-
tein itself seems to trigger puberty in females, acting as a priming pheromone.
Volatile ligands attract the attention of male mice, while proteins and non-
volatile protein-ligand complexes stimulate counter-marking (Humphries
etal., 1999).

The scent mark of the saddle-back tamarin, Saguinus fuscicollis, contains water-
soluble proteins. The major protein (66kDa) of the scent mark occurs in the
urine, while another major protein (18kDa) derives from gland secretions. If
the proteins are removed by enzymatic degradation, tamarins still discriminate
scent marks from different donor types. However, they are able to discriminate
scents with intact proteins from those with the proteins digested. Consequently,
the proteins are most likely an integral part of the scent image (Belcher et al.,
1990).

Proteins also occur in many excretions and glandular secretions, from turtles
to mice and humans. Intensive studies are clarifying their role in signaling. In
axillary secretion from human males, the main odoriferous acid, (E)-3-methyl-
2-hexanoicacid, (E)-3M2H for short, is bound to two apocrine secretion-binding
proteins (ASOB1 and 2) of molecular masses 45 and 26kDa, respectively. The
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ASOB?2 is apolipoprotein D (apoD) of the lipocalin or «,,-microglobulin super-
family of carrier proteins (Preti et al., 1992; Zeng et al., 1996a,b).

The female elephant pheromone (Z)-7-dodecenyl acetate occurs bound to uri-
nary proteins. When it is taken up by a male elephant, the acetate is bound to
proteins of the trunk mucus. This might facilitate transport of the pheromone
to the vicinity of the sensory epithelium of the vomeronasal organ (Rasmussen
and Schulte, 1998).

Frontalin in the temporal gland secretion of Asian elephants is bound to ele-
phant albumin (Schulte et al., 2005). The bulk of the secretion of the chin gland
of the rabbit is protein (Goodrich and Mykytowycz, 1972).

2.7  Multicomponent pheromones
2.7.1  Mixtures of volatiles

It was initially thought that, in insects, the major component in a
pheromone blend attracted from the longest distance, while the minor com-
ponents came into play at shorter distances from an odor source such as a
“calling” female. However, the male Oriental fruit moth, Grapholita molesta, at
least, responds from longer distances (100 m) more to the full female pheromone
blend of three compounds than to the major component (Linn et al., 1987).
Similar tests have not been performed with vertebrates.

For mammals, if not vertebrates in general, multicomponent pheromones
appear to be the rule. Such mixtures can comprise compounds of a wide range
of volatility. They have been variously termed “odor profile,” “pattern,” “odor
image” (Albone, 1984), “gestalt” (Evans et al., 1978), or “mosaic” (Johnston,
2005). One of the best-investigated odor profiles is that of the scent mark of
the saddle-back tamarin, S. fuscicollis, (Smith et al., 1985). Here, not even the
16 butyrate esters are sufficient for subspecies recognition. Additional volatiles
are also required.

A second example of a mammalian multicomponent pheromone is the
puberty-delaying pheromone from female house mice, Mus musculus. Two
acetate esters and a pyrazine are biologically active in various combinations, but
the pyrazine is also active alone (Novotny et al., 1985a).

The chinning response in tree shrews, Tupaia belangeri, is triggered by
several lipophilic fractions of male urine. The combined fractions are more
active than single fractions. Pyrazine compounds and a high concentration of
several volatile monocarboxylic acids characterize male urine. Some pyrazine
compounds and some monocarboxylic acids release the chinning response
(Stralendorff, 1987).

» ¢«
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The European badger, Meles meles, marks its territory with its subcaudal gland.
This gland produces a mixture of many carboxylic acids and other unidenti-
fied compounds. In one recent analysis (Buesching et al., 2002a) 21 compounds,
mostly fatty acids, were common to all 66 investigated samples, from both sexes.
Analyses have indicated that the patterns of these compounds reflected spe-
cific characterists such as sex, individuals, group membership, and seasonality.
Some or all of these compounds may signal species. The sexes differed in sev-
eral respects. Females had more measurable peaks (average 36.1) in their chro-
matograms than males (30.7). (Peaks can represent one or several compounds.)
Tetradecanoic acid was more abundant in males than in females. Three not fully
identified compounds were more abundant in females than in males in all sea-
sons, except winter. Individuals showed distinct patterns: each badger had a
unique combination of 23 to 58 compunds. Group members’ profiles were more
similar to each other than to those of members of other groups. Consistent sea-
sonal variation occurred in females. Their secretion was less complex in spring
than in winter and summer. Certain patterns correlated with reproductive state:
dodecanoicacid and two other compounds were more abundant in non-lactating
females than in lactating ones. Males with descended testes (i.e. those reproduc-
tively active) had more dodecanoic acid than those with non-descended testes.
With increasing age, the level of heptadecanoic acid increased (Buesching et al.,
2002a). The levels of two monounsaturated C;¢ acids decreased in the course of
2 days, potentially providing information about the age of a scent mark. Indi-
vidual characteristics remained remarkably consistent from year to year. Dur-
ing the annual cycle, periods of stability of composition alternated with rapid
changes (Buesching ¢t al., 2002b). What exact combinations of compounds the
badgers themselves use for the various levels of discrimination remains to be
seen.

It is important to identify and measure the concentrations of a number
of compounds in a mixture simultaneously for several reasons. First, among
related compounds there may exist precursors of active ones, and pathways
of pheromone synthesis may be elucidated. This is true for steroids in the
human axilla. Nixon et al. (1988) determined the concentration of five steroids
extracted from axillary hair of adult men aged 18 to 40 years. The relationships
in concentrations between the two ketones 5x-androst-16-en-3-one and 4,16-
androstadien-3-one suggest that axillary bacteria reduce the former to the lat-
ter with the aid of the enzyme 4-ene-5a-reductase. Humans have a low olfac-
tory threshold for several 16-androstenes, and the fact that some men have large
quantities of 16-androstenes (Nixon et al., 1988) is biologically suggestive.

For several possible functional reasons, pheromones are thought to be mix-
tures of compounds. In vertebrates, signal specificity is required more at the
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levels of individual, family, or clan, than the species (in many insects). This speci-
ficity arises from “fingerprints” of several compounds mixed in different ratios,
and not unique compounds, as in insects. Why are odors so often complex mix-
tures of compounds? There are several possibilities

* toensure thatan odoris noticed in the first place in case some components vary
in concentration over time or between individuals;

* to provide redundancy to counteract environmental obstacles;

* to provide enough variability for distinct specific signals to permit discrimina-
tion (“chemical fingerprints,” especially in scent marks);

* to increase sensitivity, as a mixture can require fewer molecules of all of its
compounds combined to reach an animal’s threshold than the sum of the
molecules needed to reach threshold for the same compounds tested singly
(Laska and Hudson, 1991);

» to render an odor distinct against background odors;

* to be more resistant to sensory adaptation (consequently, mixtures would be
better markers for signaling dangers to humans, as in gas leaks) (Commetto-
Muiiiz and Cain, 1993).

Other complex odors may be extremely variable among individuals and geno-
types, and receiving animals have to learn their significance. For example, lab-
oratory mice discriminate the urine odor of different genotypes that vary at the
t-locus but no discrete chemosignal compounds have been found in these differ-
ent genotypes. It is felt that “the variation of the overall pattern of general sec-
ondary metabolites” is used for discrimination, instead of specific compounds
(Jemiolo et al., 1991). These authors stated that the “lack of discrete chemosig-
nal compounds responsible for the genotype discrimination supports the con-
cept of a non-specific influence of the t-locus (part of the major histocompatibil-
ity complex [MHC]) on olfactory cues.” This overall pattern is possibly learned,
as offspring are exposed to the odor of their parents at an early age. For urine
odors determined by the MHC, it was also concluded that they result from mul-
tiple and redundant compounds (Tsuchiya et al., 1992). Volatiles alone convey
information on MHC genotype, since mice still distinguish corresponding frac-
tions of two odor types even after proteins have been depleted (Singer et al.,
1993).

In addition to the simultaneous impact of an odor mixture, differential evap-
oration may alter the signal over time, indicating the age of a scent. As an exam-
ple, the major component of the chest gland secretion of the thick-tailed galago,
Galago crassicaudatus, is benzylcyanide. It evaporates rapidly and is present for
only about 1 hour. The other two identified compounds last for several days. In
a behavioral corollary, galagos retreat from a scent mark that is less than 1 hour
old, while older marks have no such effect (Katsir and Crewe, 1980).
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Two different types of scent mark from the same species can evaporate differ-
entially. The brown hyena, Hyaena brunnea, pastes two different secretions on the
same blade of grass: a brown mark with an odor that dissipates rapidly, and a
white mark that - to the human nose - lasts for up to a month (Mills ez al., 1980).
Similarly, the fade-out time for the anal gland secretion of the African Helogale
undulatarufula, dwarf mongoose, used for range marking, is about 10 days, while
cheek gland secretion, part of the threat display, lasts only 1 to 2 days (Rasa,
1973).

Interspecific chemical cues are also often mixtures. Mixtures of amino acids
serve as feeding stimulants in fish. Among mammals, ferrets respond more
to mixtures than to pure odors in their foraging responses. The mixtures are
thought to contain more information (Apfelbach, 1973).

In some cases, animals do not seem to identify components of complex envi-
ronmental chemical cues. The pool frog (Rana lessonae) provides an example.
After being exposed to a mixture of morpholine and g-phenylethanol dur-
ing development before metamorphosis, the froglets prefer the mixture but
are not attracted to either of the two compounds (Ogurtsov and Bastakov,
2001).

2.7.2 Combinations of volatiles and non-volatiles

Volatiles and non-volatiles may be related in at least four ways.

1. Both kinds of compound may combine to form complex signals, sometimes
releasing two-step responses. The volatiles attract from a longer distance,
while the less-volatile compounds provide more information at close range.
For example, volatile lipids from femoral glands are thought to alert igua-
nas (Iguana iguana) to the presence of a conspecific, but a non-volatile protein
fraction, picked up from secretion deposits by tongue touches, helps to iden-
tify individuals (Alberts and Werner, 1993). Both volatiles and non-volatiles in
bovine body fluids from glands at the mucocutaneous junction of the anogen-
ital area stimulate sexual behavior in bulls (Rivard and Klemm, 1990). Cotton-
top tamarins, Saguinus o. oedipus, typically touch a scent mark to identify con-
specifics but are able to rely only on volatiles when forced to do so by a wire
screen over the mark (Belcher et al., 1988).

2. The non-volatiles may not possess a signal value themselves but may act as
release modulators, or “keeper substances.” The MUPs in mice provide an
example. Each individual expresses at least 4 to 15 different proteins and the
combination differs between individuals in the population. Most of the vari-
ation between MUPs occurs on the surface of the molecule and is accessible
to chemoreceptors. MUPs are stable over the life of the individual. On urine
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A

FIGURE 2.4 Structure of isopentenyl methyl sulfide.

marks, they arealso stable for weeks or months. Volatile metabolites that char-
acterize MHC-different individuals appear to be bound to MHC peptides, to
MUPs, or both. Sebum, ubiquitous in mammals, can also serve as a “keeper
substance” for volatile signal compounds.

3. A volatile compound from a synthesis pathway such as that leading to the
less-volatile steroid sex hormones may signal reproductive status. For exam-
ple, Jorgenson et al. (1978) have suggested that in the red fox, Vulpes vulpes,
the strong-smelling A3-isopentenylmethyl sulfide (Fig. 2.4) could signal
an increase of steroid production, at the start of the mating season. This
compound can derive from isopentenyl pyrophosphate, an intermediate in
terpene biogenesis, leading to sterols and steroid hormones.

4. The non-volatiles may be precursors of signal compounds, breaking up into
volatiles as needed. This has been suggested, for instance, for the esters
in the subauricular gland secretion of the pronghorn, Antilocapra americana
(Miiller-Schwarze et al., 1974), and (E)-s-2-butenyl thioacetate in the anal
gland secretion of the hog-nosed skunk, Conepatus mesoleucus, which pos-
sibly breaks down to the smelly (E)-2-butene-1-thiol (Wood et al., 1993).
Finally, in brush-tailed possums, oleicacid breaks down into two molecules of
nonanal.

2.7.3 Keeper substances

Mammalian secretions typically have large amounts of non-volatile
compounds, while the actual chemosignals may represent a rather small part
of the total weight. Squalene is one of the more common lipids in glandular
secretions such as sebum. Squalene and sebum retard evaporation of volatiles.
Inlaboratory experiments, the volatility of phenylaceticacid, a pheromone com-
pound from the ventral gland of the Mongolian gerbil, Meriones unguiculatus,
was affected by “keeper substances”: being a polar compound, phenylacetic
acid is the less volatile the more polar the keeper substance is. Volatility is low-
ered if a small amount of pheromone interacts with a large amount of solvent
(dipole-dipole interaction). For example, polar diethylene glycol tightly retains
phenylacetic acid, while non-polar mineral oil retains it only weakly. However,
volatility is retarded more by mineral oil than by squalene. Humidity increases
volatility as odor molecules compete with water molecules for surface sites
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(Regnier and Goodwin, 1977). Less-polar odorants will be less affected by the
polarity of their lipid substrate or by relative humidity. For these reasons, the
chemical ecologist has to keep in mind that volatility results not only from
the nature of the odorant but also from the characteristics of the substrate, and
the environmental conditions.

Keeper substances in a scent secretion, and/or the nature of the substrate such
as rock, wood or soil, impart longevity to a scent mark. In our own studies, scent
marks of captive pronghorn, A. americana, were still noticeable to the human
nose 4 months after all animals had been removed from a pen. Similarly, scent
marks of the aardwolf, Proteles cristatus, last for up to 6 months (Apps et al., 1989).
2-Phenoxyethanol in the secretions from the chin gland of the rabbit is typical
in dominant animals, serving as a fixative to extend the life of the signal (Hayes
etal., 2001).

The urinary lipids in the urine marks of lions and tigers may serve in pro-
longing pheromone release from the mark into the air (Asa, 1993). Both sexes
of tigers, Panthera t. tigris, spray a “marking fluid” onto vegetation. The fluid is
released through the urinary tract. This lipid-rich fluid contains lipid fixatives
at a level of 1-2mg/ml. These lipids include cholesterol ester, wax esters, tri-
acylglycerols, free fatty acids, diacylglycerols, monoacylglycerols, free sterol, and
phospholipid (Poddar-Sarkar, 1996). Wax esters occur in anal gland secretion of
beaver, Castor canadensis (Grgnneberg and Lee, 1984).

2.8 Sex differences

Some male-specific compounds have been identified in mammalian
secretions that may have a role in communication (Table 2.2)

The anal gland secretion of beaver, C. canadensis, differs between the sexes
(Grgnneberg, 1978-79). The male grey duiker, Sylvicapra grimmia, has more 2-
heptanone and 2-nonadecanone in its preorbital secretion than the female. Two
thiazoles (2-isobutyl-1,3-thiazole and 2-isobutyl-4,5-dihydro-1,3-thiazole) and
an epoxy ketone (3,4-epoxy-2-dodecanone) are also more abundant in the male’s
secretion. Correlated with these chemical differences is the fact that only males
scent mark with the preorbital gland (Burger et al., 1990).

In European moles, Talpa europaea, a series of carboxylic acids dominates the
anal gland secretion of both adult males and anestrous females. These acids dis-
appear in proestrous and estrous females but are present again in pregnant and
lactating females. The acids arealso absentin juveniles. The anal scentappears to
constitute a “keep out” signal, and its absence in estrous females permits mating
(Khazenehdari et al., 1996).
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Table 2.2 Some male-specific compounds in mammalian secretions with a role in

communication

Species Compound Source Reference

Boar Sus scrofa 16-Androstenes Saliva Melrose et al., 1971

Goat Capra hircus 4-Ethyloctanoic acid Cornual organ Sugiyama, 1983

Asian elephant Elephas Frontalin Temporal gland Rasmussen and
maximus Greenwood, 2003

Humans Homo sapiens (E)-3-Methyl-2-hexenoic acid Axilla Zengetal., 1991

Spotted skunk (E)-2-Butene-1-thiol Anal glands Wood etal., 1991
Spilogale putorius

Striped skunk Mephitis ~ Thiols, thioacetates Anal glands Wood, 1990
mephitis

Egyptian mongoose 2,4,6,10-Tetramethyl Anal glands Hefetzetal., 1984
Herpestes ichneumon 1-undecanoic acid

Wolf Canis lupus Isopentyl sulfide and Urine Raymer et al., 1984

3,5-dimethyl-2-octanone

The mixtures of volatiles in the urine of tree shrews, T. belangeri, are sex specific
but no single sex-specific compounds have been found (Stralendorff, 1987).

Axillary odors of male and female humans contain the same compounds
(C6—Cy1 acids and E-3-methyl-2-hexenoic acid), but in different ratios. The char-
acteristic odor resides in acidic compounds (Zeng et al., 1996D).

Other chemical studies did not find sex or seasonal differences in the com-
position of mammalian scents. No sex differences in the composition of mix-
tures of volatile compounds from glands have been found in the brushtailed
possum, Trichosurus vulpecula, for example. The same profiles of low-molecular-
weight branched carboxylic acids were found in paracloacal gland secretions
of males and females (Woolhouse et al., 1994). Branched carboxylic acids also
occurred in the preorbital gland secretion of a female sika deer (Cervus nippon)
(Wood, 2004). Comparisons between the compositions of secretions in different,
related species permit assumptions about functional adaptations and possible
evolutionary pathways. Such comparisons are available for five Mustela species
(Brinck et al., 1983), and three species of hyenas (Buglass et al., 1990).

2.9  Life expectancy of chemical signals

Volatiles evaporate, and signals become weaker over time. In mixtures,
evaporation of the more-volatile compounds can change the quality of the odor
and the range over which it can be detected. This means that decaying and
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changing signals potentially provide information about the age of the scent
mark and, in turn, the recent behavioral history of the odor donor.

Ferkin and Johnston (1995a)aged anogenital area scent and odor from the pos-
terolateral region in meadow voles (Microtus pennsylvanicus) for 15 minutes to 30
days. Males “preferred” female to male anogenital odor if it was 10 days old or
less. Females preferred male to female anogenital odor if its age was 25 days or
less. Both sexes preferred posterolateral odor of males to that of females if it was
up to 1 day of age. In a second experiment, both sexes preferred fresh odors from
either source over the same scents that were older. In conclusion, information
about sex may get lost with the age of the scent mark.

Pheromonesin urine will suffer degradation, hydrolysis, oxidation, and ultra-
violet radiation effects. For example, the (Z)-7-12-acetyl derivative in elephant
urine will gradually hydrolyze (Rasmussen, 1988). In this case, the lipoprotein
carriers of the elephant acetate may also determine the life time of the signal
besides serving to filter and select odorants, confer specificity, and play a critical
role in the transport and transfer of an active ligand to the vomeronasal organ
(Rasmussen and Schulte, 1998).

Keeper substances and commonly used marking substrates such as clay and
wood can extend the “fade-out time” of the signal. Licking or exhaling on scent
marks or the body surface of another individual liberates “on-demand odors™.
Alberts (1992a) characterized such signals as having multiple rise times.

2.0  Spatial range of odor signals

Animals boost the range of a signal in various ingenious ways. Multiple
scent marks, distributed over territory or home range, reach more receivers and
assure reception by one individual as it moves about and misses certain places.
Species using multiple marks are commonplace. Examples are hyenas, wolves,
antelopes, and beavers. Placing a scent mark as high as possible maximizes its
range (active space).

211 Interaction of olfactory and visual signals

Rocks, stumps, trees, scraped soil, scarred plant stems, or otherwise dis-
turbed vegetation attract the attention of animals who then examine the spot
more closely for olfactory information left by conspecifics. The “urine balls”
made by sandrats of the Algerian Sahara provide an elaborate example (Daly and
Daly, 1975). Sandrats dig up sand, urinate on it and work it into a ball that other
sandrats examine. Urine balls from estrous females strongly attract males.
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FIGURE 2.5 Visual signal is combined with odor release when an alarmed
pronghorn (Antilocapra americana) flares his “rump patch” of long hair covering the
ischiadic gland. (Photograph: D. Miiller-Schwarze.)

Crepuscular and nocturnal animals can use visual signals to attract attention
to their scent glands. Hair tufts or brightly colored hair that stands out against
the background of the animal’s fur highlight many odor-producing skin glands,
especially when hair is erected during a display. Black-tailed and white-tailed
deer spread their tarsal hair tuft, located on the tarsal gland. Pronghorn spread
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white hair on theischiadic glands (“rump patch;” Fig. 2.5) when alarmed. White,
orange, and black hairs draw attention to the dorsal gland of the rock hyrax.
Guinea pigs and cuis swivel their rump toward a conspecific and flash the pink
inner skin of their perineal pouches as a threat (Rood, 1972).

Visual anomalies in the environment, such as those created by thrashing, paw-
ing, or tearing of bark, render olfactory marks more detectable (Roberts and
Gosling, 2001). Finally, the height of marks on tree trunks, saplings, or rocks
may signal the size of the marking animal.
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The odour emitted must be of considerable importance to the male, inasmuch as large
and complex glands, furnished with muscles for everting the sack, and for closing or
opening the orifice, have in some cases been developed. The development of these organs
is intelligible through sexual selection, if the most odoriferous males are the most
successful in winning the females, and in leaving offspring to inherit their
gradually-perfected glands and odours.

CHARLES DARWIN: The Descent of Man, p. 530

Among mammals, which mostly “think through their noses,” it is not surprising that
olfactory marking of their territory plays a large role. The most diverse methods have
been chosen, various scent glands evolved, and the most remarkable displays of
depositing urine and feces developed; of these, the leg-lifting of the domestic dog is
most familiar to everyone.
KONRAD LORENZ: OnAggression (1963), p. 53 of original German version,
translated by author.

Chemosignals in vertebrates come from a great variety of sources. These
sources include excretions, secretions, material recycled from other organisms,
and even from the environment.

3.1 Signals in excretions

Metabolites in urine or feces provide the energetically least expen-
sive, and evolutionarily probably the original, chemical signals in vertebrates.
“Much of history of evolution has concerned the development by living things
of responses to metabolites, sometimes their own and sometimes produced by
others. Those organisms which developed ‘satisfactory’ responses succeeded,
and those which did not, failed.” (Lucas, 1944). Interested parties, such as mem-
bers of the opposite sex, can then “spy” and read pertinent information about
sexual and dominance status, health and body condition, quality of diet, and
more. For instance, female goldfish release sex pheromones in their urine that
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FIGURE 3.1 Structures of trimethylthiazoline, found in red fox feces, and indole,
found in dog feces (also in coal tar, orange blossoms).

are precursors of androgens and estrogens. In terrestrial animals, potentially
many volatile, but also less-volatile, components of urine or feces may serve as
chemical cues. For instance, experiments suggested that in the shrew, Crocidura
russula, males locate females by markers in urine or fecal pellets (Cantoni and
Rivier, 1992).

3.1.1  Urine

The volatiles in urine of mice, rats, coyotes, white-tailed deer, and many
other species carry chemical cues. Male-male aggression in mice is triggered
by a urinary mixture of 2-sec-butyl-4,5-dihydrothiazole and 3,4-dehydro-exo-
brevicomin (Novotny et al., 1985b; Harvey et al., 1989). Dominant males emit
(E,E)-a-farnesene and (E)-B-farnesone (Harvey et al., 1989). Adrenal-dependent
urinary volatiles, found in female mice, delay puberty in other females. The
time of the first vaginal estrus in delayed by appoximately 2 days by n-pentyl-
acetate, cis-2-penten-1-yl acetate, and 2,5-dimethylpyrazine, Odocoileus hemionus
columbianus, (Novotny et al., 1985a). The “deer lactone” occurs in urine of black-
tailed deer and is applied to the hair tuft of the tarsal gland on the deer’s hock.
There it forms part of a recognition odor (Miiller-Schwarze, 1971). Beavers use
castoreum in their castor sacs for scent marking. This secretion is, in large part,
concentrated and perhaps slightly modified urine.

3.1.2 Feces

Red fox, Vulpes vulpes, feces contain trimethylthiazoline (2,5-dihydro-
2,4,5-trimethyl thiazole; Fig. 3.1) which alarms a prey species, the Norway rat
(Vernet-Maury, 1980).

Indole (Fig. 3.1), in dog feces a smelly matabolite has no effect on sheep
(Arnould et al., 1998), although its odor is strong and repulsive to humans. How-
ever, mixtures of fatty acids and neutral compounds, as well as sulfur com-
pounds, from dog feces inhibit feeding in sheep (Arnould et al., 1998).

37



38

ODOR PRODUCTION AND RELEASE

Often animals add glandular secretions to their excretions to produce a com-
plex specific signal. Urine marks of lions and tigers are examples. A whitish
material in urine marks, first thought to represent anal gland secretion, tested
positive for urinary lipids. When dyed with green food dye, anal gland secretion
failed to show up in urine marks. These lipids may both prolong pheromone
release from the urine mark and indicate the general nutritional condition of
the animal, as urinary lipids correlate with kidney fat (Asa, 1993).

Some pheromones in urine may originate in the reproductive tract, rather
than being metabolites. In white-tailed deer, Odocoileus virginianus, estrus urine
elicits some chases and associating by bucks, but vaginal secretion is more active.
Itisassumed that the sexual signal originates in glands of the reproductive tract
and is transported by urine to the outside (Murphy et al., 1994).

3.2 Glandular secretions

Vertebrates, especially mammals, have evolved a bewildering variety of
specialized glands that produce secretions which in turn carry chemical signals,
independently of excretions.

3.2.1 Fish

In fish, proven or suggested sources of pheromones are, in addition to
urine and feces (including bile), the reproductive organs, skin, and secondary sex
structures. Several glands are sources of reproductive pheromones in males: the
blenny, Blennius pavo, has specialized anal fin appendages that enlarge at matu-
rity and produce a factor thatattracts females (Laumanetal., 1974). A second type
of gland, the caudal gland in males of the glandulocaudine fishes, is suspected to
beits source of sex pheromones. It is located at the base of the tail fin and covered
by alarge, highly modified scale, or several scales (Fig. 3.2). The glands’ secretory
cells shrink when males are kept isolated, and enlarge with courtship (Nelson,
1964). Courtship behavior includes tail fanning. It is thought that such move-
ments provide a passive pumping mechanism that releases pheromones from
the gland and propels them toward the female (Weitzman and Fink, 1985). In
fish, female pheromones typically originate in the ovaries.

3.2.2  Amphibia

Amphibians have mucus glands over their whole body to provide the
mucus needed to keep their skin moist, and fields of granular glands that secrete
alkaloid toxins. In addition to these general glands, salamanders possess glands
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FIGURE 3.2 Glandsin fish. (¢) Caudal gland at the tail base of Scopeocharax atopodus
(Characidae). Note the difference between male and female. () The pouch scale is a
large, modified scale that covers the caudal gland in a glandulocaudine fish
(Iotabrycon praecox). (From Weitzman and Fink, 1985.)

of three different types in the cloacal area: cloacal, pelvic, and abdominal glands.
These are generally more developed in males. Pelvic and cloacal glands func-
tion in spermatophore formation. A communication function of these glands is
starting to emerge. Male red-bellied newts, Cynops pyrrhogaster, attract females
with their abdominal gland secretion. The active ingredient was shown to be a
decapeptide, named sodefrin (Kikuyama et al., 1995).

Some salamanders, such as Plethodon, have “hedonic” glands on their chin;
glands occur also around the eyelids, temporal region, dorsal tail base or entire
dorsal region in various species (Fig. 3.3). Finally, the plethodontid salamanders
have nasolabial glands on their lips. The glands hypertrophy seasonally in males,
and Plethodon cinereus show “nose-tapping” and “chin-touching” of the substrate,
suggesting a communication function (Tristram, 1997). A “unique cloacal vent
gland” has been described for male Rhyacotriton olympicus (Dicamptodontidae).
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(a) (b)

(e

FIGURE 3.3 Glandsinsalamanders. (¢) Genial glands on the side of the head of
Notophthalmus viridescens; (b) diffuse submandibular glands of Taricha torosa;

(c) mental gland of Pseudoeurycea smithii; (d, ¢) Ambystoma jeffersonianum: in the male
(d) the glandular area around the vent and cloacal papillae is swollen, which is not
the case for the cloacal area in the female (¢). (From Duellman and Trueb, 1986.)

This species may release pheromones during “tail curling” (Sever, 1988). Little
is known about glands for communication in anurans, other than the general
mucus and granular glands (Fig. 3.4). In the Australian tree frog Litoria splendida,
the pheromone splendipherin is produced in rostral and parotoidal glands on the
head of the male (Wabnitz et al., 1999).

3.2.3 Reptiles

In lizards, femoral glands (Fig. 3.5) are arranged in rows on the ventral
surface of the hindleg. They are most active in the breeding season and are larger
in males than in females. Femoral secretion stimulates tongue flicking and may
serve in species recognition and home-range marking. Chemically, more lipids
can be extracted from femoral gland secretions during, than outside, the breed-
ing season. Saturated C;4—Cye fatty acids, unsaturated C;6—Co4 fatty acids, and
eight sterols were found, including cholesterol (Alberts et al., 1992).
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FIGURE 3.4 Glandsin male frogs. (¢) Mental gland of Kassina senegalensis;

(b) pectoral glands of Leptopelis karissimbensis; (c) humeral glands on the foreleg of
Hylarana albolabris; (d) abdominal gland of Kaloula verrucosas (¢) ventrolateral glands
of Ptychohyla schmidtorums; (f) femoral glands of Mantidactylus pseudoasper. (From
Duellman and Trueb, 1986.)

In desert iguanas, Dipsosaurus dorsalis, the femoral glands are more developed
in males than in females. The percentage of females with active glands varied
with the population density of three populations studied. In the one with the
highest density, 12.3% of the females had active glands. At the intermediate
site, 31.7% of the females had active glands, with 59.2% at the low-density site
(Alberts, 1992b).

Snakes have paired “scent glands” that open into the cloaca. Some snakes such
as Natrix and Macropisthodon spp., have “nucho-dorsal” glands under the skin
of the dorsal neck area. Their secretions are assumed to serve in defense and/or
intraspecific communication (Madison, 1977). Turtles have “mental glands” on
their chins, inguinal, and axillary (“Rathke’s glands;” Fig. 3.6), lateral, and cloa-
cal glands. Their role in producing chemical signals is little explored. Crocodiles
have three main types of “musk glands”: mandibular (or throat) musk glands,
cloacal, and dorsal glands. The mandibular glands are most active during the
breeding season and are discharged during courtship behavior.
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FIGURE 3.5 Glandsinlizards are illustrated by the femoral pores and cloacal sacs
in a gecko, Gymnodactylus pulchellus. clb cloacal bone; cls, cloacal sac opening; fp,
femoral pore; hp, hemipenis. (From Bellairs, 1970.)

Skin glands are thought to have evolved from scraped-off corneous material
of the skin. Such “uncontrolled semiochemical release” may have given way to
“facultative, controlled semiochemical release” of desquamated, loosely joined
plugs of keratinous material when the germinal portion of the integumentary
gland moved “below” the body surface. Invagination then created a “gland”
(Maderson, 1986).

3.2.4 Birds

Birds are not exactly known for scent communication or scent-
producing organs. The preen (uropygial) gland is usually considered the only,
most developed, and ubiquitous skin gland in birds. It serves to waterproof the
plumage and is larger in aquatic than in land birds. However, there are also
sex differences in the composition of waxes in the uropygial gland of domes-
tic ducks, possibly for communication (Jacob et al., 1979). In the hoopoe, Upupa
epops, the uropygial gland is largest at 12 days of age. Surrounded with a ring of
specialized feathers, it is said to have a repellent effect on intruders. A predator
is squirted with liquid from the large intestine, accompanied by a hissing sound
(Sutter, 1946). The roles of cloacal and anal glands in birds are poorly understood
(Quay, 1977).
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FIGURE 3.6 Rathke’s glands in turtles and tortoises. Axillary (a) and inguinal (i)
pores (gland openings) are shown in Chelonia mydas. (From Ehrenfeld and
Ehrenfeld, 1973.)

3.2.5 Mammals

Skin glands in mammals are widespread and diverse. We know so much
about their behavioral roles and secretion chemistry that even a brief survey
would fill several volumes. Skin glands can occur on all body parts but are found
more often on the head, the extremities, and the anogenital region. Animals
grow scent glands where vehicles carry lights: front and rear. But there are also
neck, dorsal, ventral, and lateral glands. The two basic types of gland component
aresebaceous and apocrine (modified sweat) glands (Table 3.1 and Fig. 3.7). Seba-
ceous gland produce a lipid secretion, while apocrine glands secrete a milk-like
aqueous fluid. Both types of gland are associated with hair follicles and secrete
into the pilosebaceous canal. By contrast, true sweat (eccrine) glands are not asso-
ciated with hairs and secrete directly to the skin surface. Sebaceous and apocrine
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Table 3.1 Examples of specialized mammalian skin glands

Dominating gland type ~ Skin gland organ Species
Holocrine (sebaceous) Ventral gland Mongolian gerbil, Meriones
unguiculatus
Tarsal gland Black-tailed deer, Odocoileus
hemionus columbianus
Subauricular gland (jaw patch) Pronghorn, Antilocapra americana
Apocrine (modified sweat Metatarsal gland Black-tailed deer
glands) Axillary gland Humans

FIGURE 3.7 Elements of mammalian skin glands. S, sebaceous gland; A, apocrine

gland; E, eccrine gland; M, errector pili muscle; H, hair follicle. (From Albone,
1984.)
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FIGURE 3.8 Subauricular gland (SG: the “jaw patch”, a black area below the ear)
in male pronghorn, Antilocapra americana. (Photograph: D. Miiller-Schwarze.)

glands can occur in concentrations of a single type, or combined, depending on
the function of a particular gland and its secretion: for scent marking on the sub-
strate, alipid secretion from the sebaceous glands is called for. An example is the
subauricular gland of the pronghorn, Antilocapra americana (Fig. 3.8). Another
example of a skin gland dominated by sebaceous elements is the tarsal organ
(Fig. 3.9) in deer of the genus Odocoileus (white-tailed, black-tailed, and mule
deer). The odors that are supposed to volatilize fast, as alarm pheromones, typi-
cally arise in aqueous secretions from modified sweat glands. Examples are the
axillary gland in humans and the metatarsal gland on the hindlegs of deer of the
genus Odocoileus (Fig. 3.10). In the female brown hyena (Hyaena brunnea) two sep-
arate glands, one sebaceous, one apocrine, produce a double scent mark (Mills
etal., 1980).

In most mammal species the skin glands typically occur only in, or are larger
or more numerous in, males. For example, only the male pronghorn has a pair of
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(a)

(b)

(c) 712

FIGURE 3.9 The tarsal gland of black-tailed deer, dominated by sebaceous
glands. (¢) Location of the gland on the hock (T); a young male sniffs the gland. MT,
metatarsal gland. (b) Increasing opening of the secretion- and urine-covered tuft of
modified hair is seen left to right. (c) A section of skin (surface on the right) showing
the tarsal gland with its apocrine (A) and sebaceous (S) gland elements and a hair
(H). (From Quay and Miiller-Schwarze, 1970.)
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FIGURE 3.10 The metatarsal gland of black-tailed deer, dominated by apocrine
glands. (¢) The location on the outside of the hindleg; there is a dark keratinized
ridge in the center with glandular tissue either side. The droplets are secretions
(Sec), stimulated by epinephrine injections. (b) Histology of a 4-year-old male shows
the metatarsal gland. a, apocrine gland portion; b, blood vessel; k, keratinized
ridge; s, sebaceous gland. (Photograph (): D. Miiller-Schwarze; (b) from Quay and
Miiller-Schwarze, 1970.)
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subauricular glands and a single dorsal gland. Male wolves, especially the alpha-
male, deposit anal gland secretion on feces more often than do females or juve-
niles (Asa et al., 1985). However, skin glands can be larger in females, as in the
cotton-top tamarin, Saguinus o. oedipus (Epple et al., 1988).

The Harderian gland, wrapped behind the eyeball, is especially prominent
in rodents. It produces a variable, primarily lipid secretion and drains through
the Harderian-lacrymal tract and the external nares. In Mongolian gerbils, the
secretion is spread over the body during grooming (Thiessen et al., 1976). A
pheromonal function has not been clearly established.

The composition of a scent mark of glandular origin may be quite different
from that of the original glandular secretion. For example, the scent marks that
rabbits have applied to poles by “chinning” behavior are impoverished com-
pared with the secretion on the chin or the head (Hayes et al., 2002). However
many scent marks comprise several different secretions. Two examples are the
beaver, which marks the same spot with castoreum and anal gland secretion, and
the female giant panda, whose scent mark contains compounds from glands,
urine, and the vagina (San Diego Zoo, 2002).

Saliva may also contain specific chemical information for individual recogni-
tion (Blass and Teicher, 1980) or kin recognition (Block et al., 1981; Smith and
Block, 1990). The best-known example of a salivary pheromone is the mixture
of androstenone and androstenol in the submaxillary glands of the boar.

Blood can be a source of pheromones. The chemical cues in secretion from
the mucocutaneous junction in domestic cows that stimulate sexual behavior in
bulls have been traced back to the blood (Rivard and Klemm, 1989).

3.3  Body odors and body region odors

“Body odor is the sum of all perceivable compounds in excreta and
secreta” (Bryant and Atema, 1987). Body odors can change with diet but are
nevertheless important in communication: bullhead catfish (Ictalurus nebulosus)
use body odors in dominance and territorial relationships.

Odors from different body parts of the same individual can differ in their
biological effects. In reptiles, dorsal skin odors of colubrid snakes release body
bridging in crotaline snakes, but ventral and anal gland secretion do not (Bogert,
1941). Also, the urine of wolf, coyote, and red fox inhibits feeding in herbivorous
mammals, while the feces of these species do not (Sullivan et al., 1985a). Ham-
sters (Mesocricetus auratus) did not respond to polecat (Mustela putorius) urine but
showed an extreme negative reaction to bedding (possibly fur odor) of polecats
and other carnivores (Dieterlen, 1959).
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Multiple sources can make for complex signals. For example, odors emanating
from the anogenital area of the cow can arise from feces, bladder urine, secretions
from the upper reproductive tract, vagina, vestibular glands, enlarged sweatand
sebaceous glands of the vulval skin, and the activity of microorganisms (Albone
et al., 1986). Other examples of complex odor sources are the anal glands of
the brown hyena, urine-tarsal gland interactions in black-tailed deer, and the
diverse glands in the anal area of the dog (Schaffer, 1940).

Different secretions and body regions can provide redundant signals. Meadow
voles, Microtus pennsylvaticus, investigate odors from urine, feces, or anogenital
area of the opposite sex more than those of the same sex. Males sniffed scents
from the mouth of females more than other regions, but females did not dis-
criminate. Finally, males and females investigated odors from the posterolateral
region of males more than those of females (Ferkin and Johnston, 1995a).

3.4  Dietinfluences on odor production and venoms
3.4.1 Fish

Changing the diet of a fish may change the behavior of conspecifics it
interacts with subsequently. For instance, if one of a pair of male brown bull-
head, I. nebulosus (a catfish), is removed from the tank and fed beef liver instead of
the usual trout chow and then returned to his partner in their original tank, the
resident will behave differently than if the same male is reintroduced without
a diet change. The former tank mate is now a “chemical stranger.” The behav-
ior changes include loss of territory and more activity by the smaller, manip-
ulated fish and more aggression and activity by the resident fish. These diet-
dependent odors are not specialized pheromones, and yet they are probably
important social chemical cues in the natural territorial and dominance behav-
ior of bullhead catfish. “Body odor” is the more appropriate term (Bryant and
Atema, 1987).

3.4.2 Amphibians

The toxic alkaloids of poison dart frogs appear to depend on diet (Daly
etal., 1994, 2000; Caldwell, 1996). Details are described in Section 10.2.2.

3.4.3 Reptiles

Snake venom composition can reflect diet. The Southeast Asian pitviper,
Calloselasma rhodostoma (Viperidae), preys on different animals in different
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regions of its range. In some areas, only reptiles are taken; in others endotherms
predominate in their diet, and in still others the diet includes a large proportion
of amphibians. Accordingly, venom composition varies with diet. Other possi-
ble explanations for this variation, such as geographic proximity, or patristic
(phylogenetic) distance, were ruled out statistically (Daltry et al., 1996).

3.4.4 Birds

Similar to amphibians, the pitohui, a toxic bird in New Guinea, appears
to derive its toxic alkaloids from its invertebrate diet (Dumbacher et al., 2000).

3.4.5 Mammals

Several rodent species produce social odor signals that vary with diet.
Lactating laboratory rats produce an odor in their caecal contents that attracts
their own young. However, the pups are also attracted to the caecal odor of a dif-
ferent female if she lived on the same diet as their mother. The kind and num-
bers of caecal bacteria also change with diet. Such a variable odor implies that the
young have tolearn their mother’s cues (Leon, 1975). Male guinea pigs (Cavia sp.)
investigate female urine for a longer time if the donor females were eating stan-
dard guinea pig diet than if they were fed a commercial rat chow. It is possible
that chemical signals in the urine provide information on available food sources
(Beauchamp, 1976).Inaddition to fecal and urinary odors, scent gland secretions
can also be altered by diet. Young of the Mongolian gerbil, Meriones unguiculatus,
prefer odors of adults who share their and their parents’ diet. The odor of whole
animals and that of soiled sawdust or sebum from the ventral scent gland carry
the diet-dependent signals (Skeen and Thiessen, 1977). Many compounds that
are found in castoreum of beaver, Castor canadensis, are known as metabolites of
compounds in trees the beaver feeds on (Fig. 3.11).

Diet is only one of the factors responsible for odor variability. For example,
genotype and diet contribute additively to the complex odor signatures that per-
mit kin recognition in spiny mice, Acomys cahirinus (Porter et al., 1989), and the
levels of 5-methyl-2-furoicacid and homogentisic acid in the sternal gland secre-
tion of brushtail possums, Trichosurus vulpecula, rise after experimental feeding
on Eucalyptus for 2 days (Salamon, 1995).

To discriminate diet-dependent odors can be vital in the context of repro-
ductive behavior. Supporting the hypothesis that animals discriminate and pre-
fer potential mates that are in good nutritional condition, Ferkin et al. (1997)
showed that meadow voles preferred odors of members of their own species that
are on a high-protein diet (Table 3.2).
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Table 3.2 Some examples of diet-dependent composition or effect of mammalian

secretion
Species Secretion Dietary factor Affected compound(s)
or response
Brushtail possum Sternal gland  Eucalyptus leaves 5-Methyl-2-furoic acid,
Trichosurus vulpecula homogentisic acid
Guinea pig Urine Commercial guinea pig ~ Preference by males
food versus rat food
Mongolian gerbil Ventral gland  Type of laboratory chow  Phenylacetic acid; pups prefer odor
of gerbils on same diet as their
mother
Meadow vole Anal gland, Protein, 9, 15 or 25% Mate choice: voles with

urine, feces

high-protein diet preferred

FIGURE 3.11 Castor sacs (C)and anal glands (A) in the beaver.
(Photograph, D. Miiller-Schwarze; dissection, B. Stagge.)
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3.5 Hormonal control of odors in urine and secretions

Numerous studies have shown that reproductive hormones regulate
skin gland activity.
& ¥

3.5.1 Reptiles

The protein-rich secretion of the femoral gland of the agamid lizard,
Amphibolurus ornatus, depends on hormonal control (Fergusson et al., 1985). In
male iguanas, Iguana iguana, femoral gland activity and androgen levels are cor-
related with dominance status (Alberts, 1993). In advanced snakes, the levels of
non-volatile integumentary lipids that serve in species identification vary with
hormonal state, skin-shed state, and season (Mason, 1992).

3.5.2 Mammals

Testosterone stimulates secretion in sebaceous and apocrine glands in
rabbits, rats, guinea pigs, and hamsters, while estrogen in most cases inhibits
secretion. Progesterone tends to be neutral (reviewed by Ebling, 1977).

Androgens affect many skin glands. An example is the flank gland of the
golden hamster, M. auratus. The size and pigmentation, combined in an index,
correlate with the relative levels of circulating androgens (Vandenbergh, 1973).
The perineal and neck glands of cattle calves are affected by estradiol-17-8, but
in different ways. The volume of the sebaceous glands in the perineal region
increases, while that of the neck glands decreases. The sweat glands in the
perineal region also increase in size while those in the neck do not change
(Blasquez et al., 1987). Elephants have high concentrations of testosterone and
dihydrotestosterone in their temporal glands (Rasmussen et al., 1984). The size
of thesnoutscentgland (morilla) of the male capybara (Hydrochaeris hydrochaeris) is
significantly correlated with the testes mass, independently of body size. Age did
correlate with morillo and testes size. Capybaras live in stable social groups with
a male hierarchy. The dominant male scent-marked most often and had higher
reproductive success (Herrera, 1992).

As expected, castration affects gland size, activity, and composition of the
secretion profoundly. For example, castration changes the levels of porphyrins,
indoles, and proteins in the Harderian gland secretion of the Syrian hamster
(Buzzell et al., 1991).

The secretion of the sebaceous glands on the haunch of male and estrous
and diestrous female rats varies considerably between individuals. No one sin-
gle compound is characteristic of sex or reproductive condition. Gas liquid
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chromatography with principal component analysis of the 22 common peaks
showed sex-specific patterns and 79.5% of variation was linked to sexual status
(Natynczuk and MacDonald, 1992).

Hormone implants can be used for long-term stimulation or suppression of
odor production. Scent marking is stimulated by testosterone in gerbils and
wolves (Asa et al., 1990).

Urine composition depends on testosterone, as in male mice (Schwende et al.,
1986) and the wolf, Canis lupus (Raymer et al., 1986). In the wolf, these volatiles
signal both sex and sexual maturity (Raymer et al., 1986). Similarly, composition
of female urine changes with the estrus cycle (Schwende et al., 1986).

3.6  Microbial odors

Microbial activity can be critical for odor production in glandular secre-
tions. Frequent body contact in social animals ensures sharing of microorgan-
isms, which, in turn, results in a shared group odor.

In the anal sac contents of the red fox, V. vulpes, six genera of bacteria have
been identified. The most common is Clostridium, with nine species. Also found
were Eubacterium, Bacteroides, Peptostreptococcus, Bifidobacterium, and Fusobacterium
(Ware and Gosden, 1980). These bacteria produce fatty acids. Aerobic micro-
organisms in the anal gland of the red fox include Streptococcus spp., Proteus spp.,
coliform bacteria, Staphylococcus spp., Pseudomonas spp., Neisseria spp., and Bacillus
spp- (Gosden and Ware, 1976).

Svendsen and Jollick (1978) studied the microbes in the castor sacs and anal
glands of the beaver, C. canadensis. No bacteria cultured from the castor sacs,
while the anal sacs contained the aerobe Escherichia coli and the anaerobe Bac-
teroides fragilis. Species and numbers of bacteria did not differ between the sexes,
age classes, or beaver colonies.

Female laboratory rats seem to depend upon an intact vaginal bacterial flora to
be olfactorily attractive to males. When given a choice in a four-arm maze, adult
males spend more time with an untreated estrous female than with one whose
vaginal bacteria had been killed by daily injections of an antibiotic (Merkx et al.,
1988). Generally speaking, individual odors of rats have microbial, genetic, and
dietary components (Schellink and Brown, 2000).

Staphylococcus aureus and the yeast Candida kruzei dominate the inguinal gland
pouches of rabbits, with Bacillus subtilis, E. coli, and Streptococcus faecalis also occur-
ring (Merritt et al., 1982).

Saddleback tamarin monkeys, Saguinis fuscicollis, harbor a complex microflora
in the secretions of their circumgenital glands. Coagulase-negative staphylo-
cocci, Gram-negative bacteria, Streptococcus spp., and coryneform bacteria were
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most abundant, followed by S. aureus and Bacillus spp. (Nordstrom et al.,
1989).

In the human axilla, bacteria produce odoriferous steroids. The concentration
of Sa-androst-16-en-one in the axillae of adult men reduced after treating the
“superior” (more-producing) axilla with the germicidal agent Povidone-iodine
(Bird and Gower, 1982). Faint or acid odors are associated with micrococcaceae,
while the more pungent axillary odor that resembles that of androstene and
other C;9A'®-androgen steroids correlates with a strong population of lipophilic
diphteroids (Leyden et al., 1981). The typical axillary odor is produced by incu-
bation with coryneform bacteria, but not Micrococcaceae, propionibacteria, or
Gram-negative organisms. Less-odorous steroids are transformed to the more
odorous 5a-androst-16-en-3-one and Sa-androst-16-en-3e-ol (Gower, 1989).
The suggested pathway to 3«(B)-androstenol is from 5,16-androstenol via the
4,16- and 5«(B)-derivatives, and finally 3«(8)-androstenol (Gower et al., 1989).

Besides steroids, axillary odor also contains normal, branched, unsaturated
aliphatic acids with 6 to 11 carbon members. Most abundant is (E)-3-methyl-2-
hexenoic acid. Both this compound and its (Z)-isomer are found in the aqueous
phase hydrolysate and the aqueous phase incubated with bacteria. It is assumed
that precursors are water soluble and converted to odoriferous compounds by
the axillary flora (Zeng et al., 1992).

Finally, preputial secretion of male mice probably assumes pheromone activ-
ity as attractant for females only after having been metabolized by microorgan-
isms (Ninomiya and Kimura, 1988).

3.7 Reservoirs

After a secretion has been produced, it can be stored for later use or even
accumulated for massive or repeated signals. Anal sacs of canids, mustelids, and
telids, and the castor sacs of beaver are examples. The skunk provides the most
dramatic example for such reservoirs with large amounts of often very potent
secretions. We do not understand well if and how the various compounds are
transformed in these reservoirs.

3.8  Pheromone transport

Many pheromones travel from the tissue of their synthesis via the
bloodstream to the surface of the body. They are also transported by larger
molecules, notably proteins, both when being emitted by an odor donor (“out-
going”) and when being received in the olfactory mucosa of an addressee
(“incoming”). In the saliva of the male pig, the pheromone-binding protein
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pheromaxein binds outgoing 16-androstene steroids. Two compounds serve
as pheromone: 5«a-androst-16-en-3e-ol (3a-androstenol) and 5e-androst-16-
en-3-one (Sa-androstenone). Both are produced in the testes, transported by
the blood, concentrated in the submaxillary salivary glands, and bound to
pheromaxein there. Pheromaxein is formed in the submaxillary salivary glands
(reviewed by Booth, 1989). The binding is strongly temperature dependent. At
4 °C the binding of the pheromone to the protein is unchanged over 168 hours.
Butat 21 and 37 °C (body temperature) most binding is lost after 72 hours. This
is ecologically significant: pigs breed in the cold season (i.e. late autumn and
winter). The salivary foam is present around the mouth of the boar when court-
ing a sow, but it also deposited in the environment. On the body with its higher
temperature, odor release is facilitated, while away from the animal retention
of pheromone in saliva is optimized because the degradation of pheromaxein is
retarded at lower temperatures (Booth, 1987).

The androst-16-enes in humans are also produced in the testes but spread
widely by transport through the body in blood, saliva, seminal fluid, and axil-
lary secretion of males (Gower, 1989).

3.9 Environmental odors for communication

Some chemosignals are not produced by the sending animal itself, but
rather appropriated from other individuals, species, or the environment. “Scent
rolling” in manure or on carcasses by canids or hyaenids (Drea et al., 2002) and
self-anointing by hedgehogs (Poduschka and Firbas, 1968) belong here. Rats use
food odors lingering about their snout for communicating information about
food sources (Galef and Kaner, 1980; Galef and Stein, 1985).

Mammals often damage plants or the substrate before or during marking,
such as when deer thrash a sapling or tree branch with the head or antlers,
or scrape the ground before urinating on it. Odors from the plant or soil may
become part of the active signal.

Environmental odors can also play a role in interspecific interactions such as
preying. The domestic dog uses cues from disturbed soil and crushed plants
when tracking and they can be trained to follow tracks that lack scent. When
following a scent, such as a human track, they can be diverted by another scent
crossing the first pathway. The choice made by the dog is influenced by the odors
and cues available at any point (Most and Briickner, 1936; see p. 414).

The environmental odors used for homing in fish, amphibia, and birds, or pos-
sibly for long-range navigation, are not yet understood and will be discussed in
Chapter 4.
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FIGURE 3.12 Osmetrichia (scent hairs). (a) Specialized hair from the tarsal gland
of the black-tailed deer (left) and human axillary hair (right); (b) cuticular scales of
tarsal scent hair; (c) surface of a snow-retaining roof (Germany); (d) modified
U-shaped scent hair from the ventral gland of the Mongolian gerbil. (, b, d, from
Miiller-Schwarze et al., 1977; ¢, photograph by D. Miiller-Schwarze.)

3.10  Supporting structures: osmetrichia, muscles

Scent glands often have accessory structures that store secretion, enlarge
the surface for scent dispersal, serve as “applicators” during scent marking, or
provide opportunities for bacterial action or interaction of compounds that may
come from different sources.

Special modified hair in the region of a scent gland can enhance its function.
Such “scent hairs” have been termed osmetrichia (Miiller-Schwarze et al., 1977;
Fig. 3.12). They may be stiff bristles with surface chambers formed by their
cuticular scales, as in the tarsal tuft of black-tailed deer (Fig. 3.124), spoon or
spatulalike, asin the ventral gland of the Mongolian gerbil Meriories unguiculatus
Fig. 3.12d), or a “wick” formed by a hollow medulla and vacuolated cortical
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region, as in the African crested rat, Lophiomus imhausi (Stoddart, 1979). Hairs
from scent glands in bats of the families Pteropodidae and Molossidae differ
from ordinary body hair by being much thicker, and in some species also have a
differently sculptured scale pattern on their surface (Hickey and Fenton, 1987).
The red fox has heavily sculpted bristles on its supracaudal gland (Brown and
MacDonald, 1985).

3.1 Special adaptations for broadcasting chemosignals

The output of signals can increase only within limits because of the cost
of producing signal compounds. In addition, as signal strength rises, the effect
becomes progressively more inefficient: the perceived odor magnitude increases
as a function of signal strength raised to a power of much less than one (i.e.
logarithmically). A better way to increase odor detectability is for the receiver to
become more sensitive, rather than the sender to emit more material.

Yet there are many ways the producer can improve detectability. Animals
increase the spatial range of chemical signals by ingenious means. Many increase
the active space, the three-dimensional portion of the animal’s home range
where the stimulus is above threshold, by broadcasting from an elevated place,
as by the mudpiles beavers build for their scent marks. The evaporative surface
can be enlarged, as in red deer (wapiti) or goats, which spray urine onto their
mane. The saiga antelope (Saiga tatarica) wears alarge hair tuft below its eye when
in its winter coat. It is thought that secretion from the preorbital gland accu-
mulates there on the large surface (Frey and Hofmann, 1997; Fig. 3.13). Male
tomb bats saturate their brushlike beard with glandular secretion (Quay, 1970).
Hairs on the anal pockets of the male capybara are saturated with secretion that
is deposited on vegetation and the ground (MacDonald e al., 1984).

A scent can be propelled into the environment. The most spectacular example
is the “manure spreader” of the hippopotamus: the rotating tail sprays about
urine and feces (Olivier and Laurie, 1974).

Some mammals have evolved elaborate behaviors to aim odors at conspecifics
during critical encounters. Black-tailed deer O. h. columbianus, spray urine as a
threat. Facing an opponent, a male, female, or fawn rubs the hocks together and
urinates over them, soaking the brush-like hair patch on the inner sides of the
hocks in the process. Urine odor in the air is noticeable to a human observer far-
ther away than the distance between the interactinganimals,and alsoata greater
distance than during regular urinating. Such rub-urination usually results in
spacing of adult deer, while fawns spray urine when suddenly separated from
their mother or - in captivity - a caretaker. It isimportant to know that the hocks
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FIGURE 3.13 The hair tuft (HT) of the Saiga antelope is possibly a scent
distributor. (From Frey and Hofmann, 1997.)

carry the tarsal gland, dominated by sebaceous glands (Miiller-Schwarze, 1971).
Gas chromatographic analysis of urine before and after it passes the tarsal tufts
showed that during rub-urination material is picked up from the gland and hair
surface (D. Miiller-Schwarze, unpublished data).

Male bats have pouches on the leading edge of their wings, termed ante-
brachial sacs. During courtship, males hover in front of, and waft odor toward,
roosting females (Bradbury and Vehrencamp, 1977). The sacs themselves do not
contain scent glands. Rather, the bat transfers the perfume from other glandu-
lar areas on its body. First, a resting male bends his head down toward his genital
regionand picks up urine with his mouth. Then helicks his wing sac. This is seen
ascleaning the pouch. Finally, the male reaches down to the genital region again.
This time, he presses his throat with the gular glands to the penis and transfers
a droplet of secretion from the penis to the wing sac (Voigt and von Helversen,
1999; Voigt, 2002).

The arrangement of skin glands on the foot of a mouse, for instance, might
convey information. As the mouse travels, the glands stamp a pattern on the
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FIGURE 3.14 The pattern of skin glands on the sole of the foot of a mouse may
provide information on the direction of travel. (From Ortmann, 1956.)

substrate that may signal size of the mouse and the direction it has been trav-
eling (Ortmann, 1956; Fig. 3.14).

Short-range transfer of chemical factors may require body contact. Male
Appalachian woodland salamanders press or slap their mental gland on the
nares of the female (Arnold, 1966). The pygmy salamander even pierces the skin
of the female’s head with his modified teeth and “vaccinates” it with the secre-
tion from his mental gland.
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Chemical cues in orientation and navigation

Where will I find a patch of fresh grass?
The answer, my friend, is blowing in the wind.
With apologies to Bob Dylan

Nec vident terras, sed in odorem earum natant. (They don’t see the land, but swim
following its smell.)
(Red deer, Cervus elaphus, when supposedly swimming from Cyprus to the mainland of
Asia Minor.)
C. PLINIUS SECUNDUS (Pliny the Older): Naturali Historiae, Book 8:
Zoology; Land Animals, 115: De cervis, p. 89. Translated into German.
Tusculum Library, Heimeran Verlag, 1976.

Humans depending on fishing and hunting have learned at their peril
about animal migrations very early on. Today we still marvel at how precisely
migrating organisms time their departures and arrivals and almost never fail to
find their destinations, even passing on this vital information to their offspring.
Young wandering albatrosses circuamnavigate the Southern Ocean many times
in the course of 8 or more years, before they return to breed at exactly the same
place they were born. What cues guide these migrants in their epic journey? We
know how insects, fish, and birds use the sun, the stars, and the magnetic field
of the earth. But what role do chemical cues play? The physical and biological
environments abound with volatile chemicals that vertebrates might use to ori-
ent themselves in space. In air, point sources such as a volcano, a small pond, ora
tree in bloom are available, as are landscape odors such as those from pinewoods
or the ocean. Even ship-borne humans can smell large seabird rookeries on ocean
islands from afar. Arriving from sterile Antarctica, an air passenger landing in
New Zealand is overwhelmed by its steamy, musty, moldy greenhouse odor. If
humans notice such landscape odors, we can expect animals to be much more
sensitive and attentive to them. Indeed, early explorers reported striking cases
of animals smelling land. Alexander von Humboldt noticed that pigs on board
his ship were excited and sniffed toward land when still 30-40 miles from the
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Mexican coast with its aromatic vegetation (Faak, 1990). There is every reason to
expect that wild animals exploit such landscape odors for their needs.

Vertebrates use many different cues for orientation in space and during navi-
gation when traveling long distances. Orientation is defined as moving in relation
to an external stimulus, for example light or a feature such as a more complex
landmark. A landmark can be a prominent tree, a river, or a coastline. In naviga-
tion, a goal is approached by means other than the use of landmarks. Navi-
gation is “the self-controlled movement toward an unperceived goal”
(Dusenberry, 1992). Navigation is thought to require knowledge of one’s
geographical position (map component) and a compass. The chemical senses
have been implicated in fish migration for along time, while we are only starting
to appreciate this sensory channel for other classes of vertebrate.

4.1 Fish

Among vertebrates, the homing of migrating fish of the anadromous
type (undertaking upstream migration) is the classical example of olfactory ori-
entation in space. Such a spawning mechanism was proposed over 100 years ago.
Hasler (1954) formulated four testable hypotheses: (1) each stream has a charac-
teristic odor; (2) migrating fish can differentiate among them; (3) the odor of the
home stream is learned (imprinted) by young fish; (4) this chemical information
is retained in memory and used by adults for orientation during their spawning
trips upstream.

4.1.1  Salmon

Numerous experiments with salmon have revealed several facets of their
orientation mechanism: Fish can be trained to distinguish odors of different
streams; homing behavior is impaired in anosmic experimental fish; the odor
is learned early in life, as transplanted presmolt salmon will return to their
adopted stream and not their natal stream; and the odor is remembered after
only a few days in a particular stream. Atlantic salmon, Salmo salar, acquire last-
ing information about home-stream odor during the period of smoltification
(i.e. the transformation from parr, which lives in freshwater, to smolt, which is
salt-water adapted, silvery, and swimming downstream). Conditioning differ-
ent age groups to L-cysteine and subsequent measuring of their heart rate in
response to this compound demonstrated this “imprinting” during a sensitive
period (Morin et al., 1987).

In an experiment, hatchery-reared Coho salmon have been imprinted to the
artificial odors of morpholine, a heterocyclic amine (C4HoNO; 5 x 10> mg/l);
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FIGURE 4.1 Structures of morpholine and phenylethyl alcohol.

and phenylethyl alcohol (CgH;00 at 1 x 10> mg/1) (Fig. 4.1) as smolts at the age
of about 18 months. (Unconditioned salmon detect morpholineat 1 x 10-®mg/1
water). The fish experienced these odors for 6 weeks between 1 April and 13
May during their presmolt and smolt stage (up to 16 months of age). (Pres-
molt fish start migrating downstream from their home stream.) In May, the
two groups, plus a control group, were tagged and released into Lake Michi-
gan midway between the mouths of two rivers, 4.7 km apart (Fig. 4.2). Eighteen
months later, during the upstream spawning migration in autumn, morpho-
line (final dilution in stream 5 x 10> mg/l stream water) was added to one river,
and phenylethyl alcohol (5 x 1072 mg/1) to the other. At 19 monitoring stations
along the shore, fish were counted by electrofishing, gill nets, and creel censuses
(information from fishermen). The imprinted fish were trapped in both rivers.
They had been successfully decoyed by the artificial odors: of the total number
of morpholine-exposed salmon that were recovered, 94.1% were found in the
morpholine-treated stream in 1 year of the experiment, and 97.6 in the second.
Almost 93 % of the alcohol-imprinted fish recovered were caught in the alcohol-
scented river (Scholz et al., 1976; Hasler et al., 1978). Hasler and Scholz (1983)
have summarized these studies.

4.1.2 Mechanisms

Three mechanisms of home-stream recognition have been proposed: the
original fish stream imprinting hypothesis by Hasler and Wisby (1951) assumed
the memory of one single odor, that of the home stream. The odor is thought to
emanate from rocks, soil, and vegetation. The sequential imprinting hypothesis by
Harden-Jones (1968) postulated successive learning of several water odors along
the migration route. Finally, the pheromone hypothesis of fish migration sees a role
for conspecific odor in the home stream as a critical part of the environmental
odor (Nordeng, 1971).

There is evidence for all three hypotheses.

1. The cited experiments by Hasler and coworkers demonstrated fish stream
imprinting (Scholz et al., 1976; Hasler et al., 1978).
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FIGURE 4.2 The classicfield experiment to demonstrate chemical stream
imprinting in salmon. (a) Lake Michigan is on the right in the main picture and the
land area of Wisconsin is on the left. Three groups of fish were released between
rivers No. 8 (twin Rivers) and 10 (Little Manitowoc River). (This are is shown
enlarged in the inset.) One group was imprinted on morpholine (M) and another on
phenylethyl alcohol (PA). The third group served as an untreated control (C). To test
their chemical orientation, river No. 8 was scented with PA, and river No. 10 with M.
Other rivers, numbered 1 to 19, were also monitored for entering fish. They served
as control rivers. (b) Most M-imprinted salmon showed up in the M-scented river,
and most PA-imprinted fish were caught in the PA-scented river. Most untreated
control fish swam into unscented control rivers. Almost no imprinted fish appeared
in the “wrong” rivers. (From data in Scholz et al., 1976.)
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FIGURE 4.2 (cont.)

2. When transported 4 or 90km from their Norwegian home stream into the sea,
both intact and anosmicadult Atlantic Salmon, S. salar, did not return to their
home stream but entered many streams along the coast. These transported
fish lacked the opportunity to gather experiences during the outward smolt
migration. These experiments support the sequential imprinting hypothesis
(Hansen et al., 1987).

3. Support for the pheromone hypothesis has come from preference tests in
Atlanticsalmon parr and experiments with sealampreys migrating upstream
to spawn.

The bottom-dwelling juveniles (parr) of salmon mark their substrate, gravel,
probably with fecal material. The source of the material is the gastrointestinal
tract. It originates probably in the liver but is not found in skin mucus. When
given a choice, parr prefer the odor of their own strain but are also attracted by
that of another strain if only that is available. This suggests a hierarchical order
of chemical recognition, ranging from sibling to strain to species. Outside the
migrating season, the salmon do not respond to these odors, suggesting a role
in orientation (Stabell, 1987). A different experiment also supports Nordeng’s
pheromone hypothesis. If a basket with smolt of Atlantic salmon is placed in a
freshwater pool, salmon will enter the pool (Johannesson, 1987).

Migrating male sea lampreys, Petromyzon marinus, are attracted to water from
conspecific larvae (Teeter, 1980). This jawless fish originates in the Atlantic
Ocean but has invaded the Great Lakes, where it parasitizes fish populations,
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posingaserious environmental danger. Adults migrate up streams to build nests
and spawn in spring. The blind larvae filter feed in stream sediments. After 3 to
18 years, they metamorphose into the parasitic form, migrate downstream, and
feed on other fish in lakes or the ocean. After this parasitic life, during which
they gain 100-fold in body mass over 15 months, the lampreys stop feeding, start
maturing sexually and migrate upstream to spawn. At the end of this 4-8 week
migration phase, the fish spawn and die. Since sea lamprey larvae live in less
than 10% of 6000 tributaries draining into the Great Lakes, although many more
are suited as habitat, these populations may be limited because lampreys attract
each other by pheromones (Bjerselius et al., 2000).

In the laboratory as well as in the field, larval waterborne stimuli attracted sex-
ually immature males and females. (The field tests were run from 22:00 to 04:00
hours, the activity time of migrating lampreys.) Certain conditions have to be
met: the fish responded only early in the night, and before being fully sexually
mature.

Some experiments do not support the pheromone hypothesis. Atlantic
salmon grilse (salmon a year older than smolt) do not need a conspecific (smolt)
cue for their return from the sea to a saltwater bay where they had been released
as smolt. They return to the release site on their own accord but will not proceed
from there and enter freshwater pools (Johannesson, 1987). This behavior is not
in accordance with the pheromone hypothesis. Similarly, Arctic charr (Salveli-
nus alpinus) could not be lured into a non-natal stream that contained adult
conspecifics (Black and Dempson, 1986). Pacific salmon (Oncorhynchus kisutch)
returned to their natal hatchery, even though on their way from the ocean to their
natal area they had to pass a major hatchery where their full-sibling relatives
discharged their odor into the water (Brannon and Quinn, 1990).

Barging salmon down the Columbia and Snake rivers impaired their homing.
The fish returned but they did not return upstream to spawn, for unclear rea-
sons. It is possible that they failed to imprint on the home stream when barged.
To avoid this problem, spillways are recommended (Lorraine Bodo, American
Rivers/Columbia River Alliance). This is reminiscent of trucked reindeer in
Sweden (see Section 4.5).

Brook trout (Salvelinus fontinalis) have both migratory (anadromous) and non-
anadromous populations. Fish from each type were tested for their responses to
home-stream water. Both preferred home stream over control water but were
equally attracted to water from their home-stream and from an unfamiliar
stream. Therefore, specific local odors may not be critical cues. Furthermore,
anosmic fish made the same choices, indicating that taste may be involved. In the
non-migratory population, responses to home-stream water were noted only in
summer, not in winter (Keefe and Winn, 1991).
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4.1.3 Chemical nature of odor cues

Salmonid fishes such as charr (S. alpinus) and grayling (Thymallus thy-
mallus) are assumed to use bile acids for several functions, most notably homing.
Bile acids are prime candidates for this function because they are diverse, spe-
cific, potent, and stable. Bile acids elicit electrical responses in the medial part
of the olfactory bulb. By contrast, amino acids elicit responses in the lateral part.
Taurine-conjugated bile acids are up to 1000 times more potent than methio-
nine. There may be two different types of receptor: one for bile acids and one
for amino acids. Because of their “great potency as odorants,” their evolutionary
history and variability, and their “renowned adherent properties,” bile acids are
“interesting candidates for specific signals in the aquatic environment” (Dgving
etal., 1980).

Sea lamprey larvae (P. marinus) produce and release petromyzonol sulfate (PS)
via their feces, a bile acid not found in any other vertebrate, and allocholic acid
(ACA)(Fig. 4.3), which increased swimmingactivity by adult female sealampreys
in their migratory phase but did not attract them within the confines of the lab-
oratory tanks (Bjerselius et al., 2000). These authors conclude: “our studies lend
support to the hypothesis that unique bile acids released by larval sea lamprey
attract migratory adults into rivers to spawn.” Sea lampreys are very sensitive to
P and ACA, and only to these compounds, as revealed by electro-olfactograms,
recorded from their olfactory lamellae. The fish detected these two compounds
at a concentration of 10-*2mol/l (Li et al., 2002). In lamprey streams, the con-
centrations of PS and ACA are high enough to be detected by adult sea lampreys
(Polkinghorne et al., 2001). The migratory pheromone contains at least three
compounds (Fine and Sorensen, 2004) and attracts more than one species (Fine
etal., 2004).

Eels are catadromous fish that travel downstream to spawn in saltwater.
Glass eels are the eels’ juvenile stage. They migrate only once from their natal
area in the ocean to freshwater bodies, as far as 1000km inland, growing and
developing during that year-long journey. Therefore, eels cannot imprint on a
home-stream odor. Yet they are the attracted to bile salts and taurine dissolved
in freshwater (Sola and Tosi, 1993). Since taurine occurs in fish mucus, and bile
acids in urine and intestinal waste, these stimuli are candidates for pheromones
(Fig. 4.3). Geosmin, (E)-1,10-dimethyl-(E)-9-decalol (Fig. 4.3), produced by acti-
nomycetes, is the most abundant vegetation odor in surface freshwater. Glass
eels swim toward this “surface water odor” in the laboratory (Tosi and Sola,
1993) when presented in freshwater. In saltwater, however, the fish avoid the
geosmin odor. Salinity affects the response: a very weak geosmin concentration
(10~ mgy/1) attracted the eels at a salinity of 15°/oo, while a concentration of
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FIGURE 4.3 Structures of allocholic acid (petromyzonol sulfate is identical apart

from replacement of the carboxyl group with sulfate), taurine-conjugated bile acid,

and geosmin.

10-°mg/] had this effect only at a salinity of 10°/o0 (Tosi and Sola, 1993). In
summary, it is assumed that glass eels heading for a stream follow decreasing
salinity and increasing geosmin odor. Near the coast, geosmin odor may become
more important and guide them to a particular stream.

Upstream migrating glass eels also swim toward compounds with earthy
and “green” (vegetable) odors. These are pyrazines, thiazoles, and alcohols
of the cyclohexanol type (Sola, 1995). One of these compounds, 2-isobutyl-3-
methoxypyrazine, is common in rivers and lakes (Hwang et al., 1984).
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4.2  Amphibia

Anurans and urodeles are known to home to their ponds. The chemical
senses as well as vision and other senses are required for this ability.

4.2.1 Anurans

Among anurans, Fowler’s toad, Bufo woodhousei fowleri, the Mexican
toad, Bufo valliceps, and the chorus frogs Pseudacris clarki, and Pseudacris streckeri
prefer the water from their own breeding pond to that of another pond (Grubb,
1973a,b, 1976). Artificial odors can be learned: Mexican toads, tested in a com-
plex maze used odor cues such as anise oil, benzaldehyde, cedarwood oil, cit-
ral, and others to orient themselves in a complex environment (Grubb, 1976).
The toad Bufo boreas uses olfaction for distance orientation, and vision when near
the pond (Tracy and Dole, 1969), while the reverse is true for Salamandra sp. The
green frog (Rana clamitans) locates its breeding site with more difficulty when
the olfactory tracts are experimentally ablated, but it does not lose the homing
ability.

After metamorphosis, first-year individuals of the common European frog
Ranaesculenta stay in their home pond, even if it dries out. Experiments in a two-
way choice apparatus showed that these animals prefer to head toward the odor
of mud from their home pond as opposed to some other mud sample (Bastakov,
1986). Newly metamorphized (at Gosner stages 43-46) pool frogs (Rana lessonae)
caughtin the wild preferred water from their pond to tap water, and also to water
from an unfamiliar pond. When tadpoles were raised in water from their home
pond, or water with boiled nettle as food, the froglets later preferred water with
these respective stimuli. They had developed a preference during larval develop-
ment (Ogurtsov and Bastakov, 2001).

Thessignal for homing appears to be acomplex pond odor, originating in vege-
tation and soil. The frog Pseudacris triseriata, tested in a T-maze, chooses the odor
of lowland muck and filamentous algae from its breeding habitat over the odor
of soil and decaying vegetation from non-breeding upland habitat suspended in
distilled water (Martof, 1962).

The dart-poison frog Dendrobates pumilio uses odors for homing. This species
lives in the understory of lowland tropical forests in Central America. The eggs
are laid on land, and the female carries the newly hatched tadpoles on her back
to water-filled leaf axils of bromeliads. She feeds the tadpoles with unfertilized
eggs, while the male defends the territory. Captive dart-poison frogs tested in a
Y-olfactometer chose the odor from their own communal tank over odors from
tanks planted with different plants. However, they did not distinguish between
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the odor of their own tank and that of a tank with bromeliad genetically identi-
cal to that in their home aquarium. In addition to plant odors, passive marking
possibly takes place, as the frogs had been in their aquarium for 3 weeks before
the test (Forester and Wisnieski, 1991).

4.2.2 Urodeles

Among the Salamandridae, displaced Western newts, Taricha rivularis,
home to the same section of a stream year after year. Blinded newts still homed
successfully, and anosmic specimens were reduced in their homing ability but
still did not move in random fashion. They return to their home pond from up
to 12km (Twitty, 1966). Another salamander, Ambystoma maculatum, tested in the
laboratory, preferred paper towels soaked with mud or pond water from their
home pond over towels treated with materials from a distant pond (McGregor
and Teska, 1989).

43  Reptiles
4.3.1  Snakes

Among snakes, over 20 species in five families follow scent trails of con-
specifics. The trails are probably used for homing and locating dens and, there-
fore, serve more purposes than strictly social behavior. Odor trails may be more
important for younger snakes and in northern populations. The garter snake
Thamnophis sirtalis undertakes autumn migrations of up to 17.7km (Costanzo,
1989). Corn snakes, Elaphe guttata, and garter snakes, Thamnophis radix, use chem-
ical cues when aggregating and selecting their shelters. The response depends
on an intact vomeronasal organ. In corn snakes, a social odor is involved: indi-
vidual snakes prefer shelters that had been used by groups previously (Eyck and
Halpern, 1988). Eastern garter snakes do not depend on their vomeronasal organ
for orientation in their home range: severing the vomeronasal nerve does not
prevent these snakes from finding previously used sites. However, the distance
travelled each day by these avomic snakes (7.7 m) was only about one third of that
of controls (24.6 m) (Graves et al., 1993).

4.3.2 Tortoises and turtles

Land tortoises (Testudo hermanni), especially males, caught in the wild
and displaced 500-1000 m returned to the point of their capture. However, if
their olfaction was impaired by washing the nasal cavity with zinc sulfate, their
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FIGURE 4.4 Homing inintact(a)and anosmic () land tortoises. Triangles
indicate males and dots females. While intact tortoises head in the home direction
(H), animals rendered anosmic by zinc sulfate treatment scattered in all directions.
The inner arrows are resultant vectors for all animals of one sex and represent
directedness. a, vector length, with 1.0 being perfect directedness. (From Chelazzi
and Delfino, 1986.)

homing was poor (Fig. 4.4). These treated animals did move in many directions
and, furthermore, did cover only very short distances during the 14 days of the
experiment (Chelazzi and Delfino, 1986).

Freshwater turtles home to their pond when experimentally displaced.
Painted turtles, Chrysemys picta, homed from 100 m, but not from 1.6km (Emlen,
1969). They use chemical cues: painted turtles discriminate chemical cues from
their home ponds and other ponds. Males and females prefer water from their
home pond to that from other ponds (Quinn and Graves, 1998). The East-
ern long-necked turtle, Chelodina longicollis, of southestern Australia uses solar
cues during migration between a permanent lake and an ephemeral swamp, as
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orientation is impaired on overcast days. Olfactory cues also seem to play a role:
in a Y-maze, the turtles headed toward swamp mud and debris in preference to
plain water (Graham et al., 1996).

The sea turtles Kemp’s ridley, Lepidochelis kempi, have been “head-started” by
imprinting them to the odor of the water they hatched in. Eggs from the threat-
ened beach at Rancho Nuevo, Mexico were placed in sand and water from Padre
Island, Texas and transported to Padre Island. When 4 months old, these turtles
were tested in a multiple choice of different kinds of water (Fig. 4.5). They pre-
ferred water from Padre Island, indicating that some form of olfactory imprint-
ing had taken place (Grassman et al., 1984). Starting in 1978, 2000 eggs from
Rancho Nuevo were hatched annually for 10 years. Later, the hatchlings were
released at Padre Island National Seashore (see also Ch.12). In 1996, the first two
turtles came ashore at Padre Island and laid a total of 176 eggs. These females
were 10 and 13 years old, respectively. The artificial colonization of the Padre
Island beaches has been an unqualified success. However, at this time it is not
clear what cues the turtles use to return to Padre Island from the ocean. As the
young turtles stay in shallow water for a while, they may imprint on any of many
factors other than the beach chemistry. These possible other factors include solar
cues, star patterns, the Earth’s magnetic field, or salinity gradients in the ocean;
they may follow other turtles or use still other cues.

4.4  Birds

Homing by olfactory cues has been the most researched topicin bird nav-
igation research for many years. Homing pigeons and petrels use airborne cues
for orientation under certain conditions. However, many experimental results
do not clearly show that odors are the crucial stimuli.

4.4.1  Procellariiforms
Birds’ homing to their burrow

Many petrels and shearwaters approach their nest burrow, often located
under forest cover, at night. When Leach’s petrel (Oceanodroma leucorrhoa) return
to their nest, they first hover over the spruce-fir canopy near their burrow. Then
they plummet to the ground several meters downwind from their nest site and
walk upwind to their burrows (Fig. 4.6). In still air, they landed closer to the
burrow and followed a more roundabout route than in wind. With external
nares plugged or olfactory nerves transected, displaced birds did not return to
their burrows for 1 week. In a laboratory two-choice apparatus, breeding petrels
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FIGURE 4.5 Seaturtle orientation. (a) Bird eye’s view of apparatus to test whether
sea turtles discriminate sea water samples from different locations. Sea water flows
from water inlet toward the standpipe (arrows). The turtle is placed near the
standpipe. Phototransistors record when the animals move into different
compartments. The water washes of sand come from Padre Island (P) and Galveston
(G), and unscented water in two compartments serves as control (C). (b) Turtles
spent more time in water extract of sand from Padre Island than in that from
Galveston. (From Grassman et al., 1984.)
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FIGURE 4.6 Orientation of Leach’s petrels toward their burrows in relation to
wind direction. (¢) Wind directions measured during observations. (b) Approach to
burrows on foot on the forest floor related to wind directions. Regardless of its
absolute compass direction, wind direction during each observation is depicted as
“north” in the diagram. Birds orient into the wind when heading for their burrows,
whether breeding or non-breeding, but walk randomly when they are not going to
burrows. (From Grubb, 1974.)

preferred an air stream from their own nest material to other forest floor mate-
rial. These findings suggest that this species uses olfactory cues to locate the nest
(Grubb, 1974).

Materials from the birds themselves most likely provide the chemical cues that
are implied in this behavior. Petrels use odor in finding their nests early in life.
Chicks of the British storm petrel, Hydrobates pelagicus, orient toward their nest
from 30cm, and they fail to do so when their nares are blocked. In a T-maze with
one arm inserted into a nest burrow, the chicks were able to orient toward a nest
crevice (Minguez, 1997). Other birds may also use odor to orient toward their
nest: domestic chicks, Gallus gallus domesticus, prefer odor of their own bedding
(Jones and Gentle, 1985). Experiments show that possibly only nocturnal bur-
rowing petrels use olfaction to find their nest, while surface nesters and day-
active species are visually orientated (Bonadonna and Bretagnolle, 2002).
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The snow petrel, Pagodroma nivea, of the Antarctic accumulates stomach oil
around its nest. These deposits can grow up to 0.5 m thick and have been
radiocarbon-dated as 4000 and 9000 years old in the Shackleton range and the
Wohlthat Massif, respectively, in Queen Maud Land (Hiller and Wand, 1984).
The birds might use odors from these accretions for orientation around their
nests. However, a small-scale field experiment in Antarctica’s Mithlig- Hofmann
mountains suggested that snow petrels do not use odors to find their nest for
distances over 1-2 km. The same percentage of birds returned to the breed-
ing colony from those with nasal plugs and those intact (Haftorn et al., 1988).
Manx’ shearwaters, Puffinus puffinus, however, do not seem to use odors for find-
ing their burrows (James, 1986). Blue petrel (Halobaena caerulea) find their bur-
row by smell, as field experiments in the Kerguelen showed (Bonadonna et al.,
2004).

Finding food

On the high seas, petrels and albatrosses unfailingly locate patches of
krill, their main food. Such patches are as small as a few cubic meters, and the
larger ones extend over an area the size of several football fields. On their feed-
ing trips of thousands of kilometers, birds such as black-browed albatrosses
or white-chinned petrels find the “needle in a haystack” by celestial cues, the
earth magnetic field, and by detecting high odor concentrations in an “olfac-
tory landscape” over the ocean. On such a large scale, they possibly use an odor
that emanates from the water when zooplankton such as krill feed on phyto-
plankton. The relief of the ocean floor is ultimately responsible for this “odor
landscape”: undersea ridges create upwelling that transports nutrients to the
upper water layers, benefiting phytoplankton, the basis of the food chain. We do
not know how these seabirds accomplish long-range orientation. Once close to a
krill patch, they can use chemical cues blown downwind, or visual cues such as
other birds feeding (Nevitt, 1999). The close-range responses of these tube-nosed
birds to chemicals released into the air when krill is feeding on phytoplankton
are discussed on p. 351. The best known of these food-signaling compounds is
dimethyl sulfide.

4.4.2 Homing pigeons

During the last 30 years, several laboratories have examined homing
pigeons for their ability to use odors for orientation. Early experiments sug-
gested that olfaction is important in orientation: homing pigeons with their
olfactory nerves cut were “generally found to be unable to home from short
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distances” (Benvenuti et al., 1973). According to Papi’s (1976) hypothesis,
pigeons learn their loft odor and foreign odors blown their way by the winds.
These odors provide the map component, while the sun or magnetic compass is
used to deduce flight direction. Papi based his hypothesis on four phenomena.
(1) Pigeons prevented from breathing through their nostrils were incapable of
correct initial orientation when released at a distance from their loft. (2) If wind
deflectors at the loft had shifted air currents, the initial orientation of the birds
was also deflected when released at a distance. (3) When an odor was applied to
their beaks at the time of release, displaced pigeons flew in the opposite direction
of that from which the same experimental odor came on the wind at the loft. (4)
Birds transported to the release site by different overland routes differed in their
initial flight direction. This effect was abolished if they were transported with
their nostrils plugged (reviewed by Papi, 1976).

Inatypical early experiment, pigeons were exposed to artificial odorous winds
from the time of fledging. One group experienced south wind with olive oil odor,
and another group north wind with a mixture of solvent odors (toluene and
terpene hydrocarbons). The birds were tested later by applying olive oil or the
turpentine mixture to their nostrils while being displaced from their loft. They
flew in the direction opposite from that which they had experienced the “train-
ing” odor: that is, they “homed”. The olfactory information used for navigation
seems to be acquired during the first months of life. If the nostrils of young
pigeons are covered with masks for 3 days after fledging so that they cannot,
or only barely, breathe through their nostrils, they cannot associate odors with
wind directions and subsequently home poorly after displacement (Papi et al.,
1973). Numerous experiments, however, have raised many questions to which
there are no answers at present.

How cana pigeon use olfaction to navigate? The two competing hypotheses are
the mosaic map (Papi et al., 1972) and the gradient-map (Wallraff, 1989) models. In
the mosaic map model the pigeon is assumed to qualitatively discriminate differ-
ent environmental odors that occur in a patchwork over an area of up to 200km
around the homesite (loft). The gradient map model postulates quantitative dis-
crimination of long-range environmental odor gradients that extend over thou-
sands of kilometers. So far, neither is convincingly supported (Schmidt-Koenig,
1987).

Airborne stimuli are probably necessary, but not sufficient, for homing. If air
samples from future release sites are brought to the loft and pigeons exposed to
them, only birds that had been exposed to the odor of their actual release site ori-
ented toward home. In this experiment, the birds were rendered anosmic for the
displacement so that they could not pick up odors during the trip to the release
site (Kiepenheuer, 1985, 1986).
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FIGURE 4.7 Pigeons can be “fooled” about where they are in relation to their loft
if they are allowed to smell the air at a “distraction site.” (a) Three groups of pigeons
were tested for their homing ability. Experimental groups 1 and 2 (E1 and E2) were
brought to a distraction site (stop site) and then transported to the actual release site
in the opposite direction from the loft (white arrows). E1 were allowed to smell the
local air at the distraction site but not at the release site. E2 were never allowed to
smell local air anywhere. Controls (C) were directly transported to the release site
(black arrow) and allowed to smell the air there. (b)) The dots represent individual
pigeons’ bearings. The controls homed correctly. The E1 group traveled ina
direction opposite of home. The E2 group lacked meaningful information and
randomly headed in various directions. (From Benvenuti et al., 1992.)

Pigeons can be fooled into using a cue from a “false release site;” before their
release, the birds are first brought from their home loft to a site located in the
opposite direction from the release site and permitted to smell the air there
(Fig. 4.7). In this site simulation test, the released birds flew in the direction
opposite from home (Wallraff, 1990; Benvenuti et al., 1992). It is clear that
pigeons gain information about the spatial relationship between the strange
release site and their home loft by odors they perceive at the unfamiliar site
(Benvenuti et al., 1992).

Inexperienced young pigeons, when rendered anosmic before release, have
oriented normally in one experiment (Wiltschko and Wiltschko, 1987) but were
impaired in another (Gagliardo et al., 1988). In the latter experiment, the birds
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peculiarly were still directed but flew in the wrong direction (i.e. away from their
home loft).

Other experiments, however, have failed to confirm that homing pigeons used
odor cues. For instance, pigeons were made anosmic by carrying nasal plugs and
being sprayed in their nostrils with the local anesthetic tetracaine. Displaced
shortly after treatment and released, they were not impaired in their homing.
Their vector length (a measure of “directedness,” regardless of where the birds
flew), homeward component, and vanishing intervals between time of release
and directed departure did not differ consistently or significantly from con-
trols (Wiltschko and Wiltschko, 1987; Wiltschko et al., 1987a). In one experi-
ment, pigeons were transported to the release site unimpaired and allowed to
smell the release site for 15 minutes. Then the nostrils of one half of the group
were sprayed with tetracaine, and the birds were set free. The control birds were
sprayed with propellant only. Birds that were sprayed with tetracaine for the first
time were most affected. It is suggested that a non-specific, traumatic effect is
responsible for impaired navigation, and not altered olfactory input (Wiltschko
etal., 1989).

Strangely, Papi’s homing pigeons in Italy appeared to use odors, while the
results of experiments in New York were negative (Papi et al., 1978). Later
experiments confirmed that the Italian pigeons relied more on odors for hom-
ing than pigeons in Germany or the USA. During transfer to the release site,
pigeons were rendered anosmic by cotton nasal plugs soaked with citrus oil 30-
40km from their home loft, and the local anaesthetic tetracaine was applied
shortly before the release which rendered the birds anosmic for 4-6 hours.
The experiments were performed in Pisa, Italy, at Cornell University in Ithaca,
New York, and in Frankfurt, Germany (Fig. 4.8). The variables measured were
the direction and length of mean vector (i.e. the average travel direction), the
deviation of this mean vector from the home direction, the homeward compo-
nent (derived from mean vector and deviation from home), the median van-
ishing interval, the median homing speed, and the return rate as a percent-
age (Wiltschko et al., 1987b). Only the Italian pigeons were impaired, while
pigeons in New York and Germany homed normally (Wiltschko and Wiltschko,
1992).

Pigeons appear to use two maps, one olfactory in nature, the other a mosaic
of familiar sites. These maps are redundant for intact birds in familiar terrain,
but if impaired sensorily, the pigeon can find home without one or the other of
these mechanisms. This was shown in experiments with clock-shifted and anos-
mic pigeons (Luschi and Dall’Antonia, 1993).

Pigeons kept in “deflector lofts” (with panels that change the wind direction
that they experienced) were affected in some experiments (Papi, 1990). This may
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FIGURE 4.8 Pigeons inItaly misorient when deprived of olfaction, while those in
New York and Germany were unaffected. In Italy (left), anosmic birds headed into a
direction different from home, while no such difference between anosmic and
control birds was found in New York and Germany. (Anosmic birds had their
nostrils plugged with citrus oil-soaked cotton until release, and an anesthetic was
sprayed into their nostrils at the time of release. This renders the birds anosmic for
4-6 hours.) Dashed radius, home direction; solid dots, individual anosmic birds;
open circles, control birds; arrows mean directions for anosmic and control birds.
(From Wiltschko and Wiltschko, 1992.)

actually have been a consequence of changes in the reflection pattern of polarized
light, and not odors (Waldvogel et al., 1988).

The methodology of odor deprivation has been problematical. It is difficult to
isolate pigeons from airborne odors. Occlusion of the nostrils reduces the stim-
ulus intensity to 20-30%, but not to zero. Bilateral section of the olfactory nerve
irreversibly eliminates responses to weaker stimuli, but responses to higher con-
centrations remain, probably via trigeminal stimulation. Spraying the nasal cav-
ity with anaesthetic abolishes sensitivity to odors, but the effect is variable and
depends on the way the drugis applied (Wallraff, 1988a). Some of the experimen-
tal results can possibly be explained by the fact that zinc sulfate produces anos-
mia thatlasts several days, much longer than thatinduced by xylocaine (Wallraff,
1988a; Benvenuti et al., 1992). Furthermore, using unconditioned responses to
olfactory stimuli has its disadvantages. (a) The stimulus intensity must be high;
no response does not mean that the animal did not receive the stimulus. (b)
Without reward or punishment, the response will not be stable over many rep-
etitions. Therefore, more naive birds are needed for testing. (c) This introduces
individual-specific amplitudes and response curves to even the same stimulus
(Wallraff, 1988a).

What do we know about the olfactory apparatus and performance of homing
pigeons? Thessize of the olfactory bulb lies in the middle range of 151 bird species
examined (Bang, 1971). What odors do pigeons use? The home site air, the air
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that surrounds the pigeon during displacement, and the air at the release site
have all been tested. The birds home normally if fiberglass filters remove air-
borne particles, ranging in size from 0.04 to 2.0 um from the air around the
birds during displacement. However, if charcoal filters are used, they home more
poorly over 24-155km than pigeons in unfiltered air (Wallraff and Foa, 1981).
Odor gradients of mixtures in the atmosphere near the ground have been pro-
posed as important for pigeon homing (Wallraff, 1988b).

The concentrations of environmental odors have been calculated to test
whether they suffice to serve as odor cues for birds. Each year, there are 17 x
10° metric tons of sulfur released from natural sources between 30° and 50°N
alone. Less than 10kg sulfur and ammonium are emitted daily from 1 ha. Pine-
oak forest in the United States gives off 1-5 kg/m? a-pinene daily. Air sam-
pling at midday from a scaffold tower above the canopy of a loblolly pine for-
est in North Carolina yielded a-pinene concentrations as high as 2.5 pg/m? air
(Arnts et al., 1982). Do these amounts provide concentrations above the olfac-
tory threshold of the pigeons? There are 1-5 parts per billion (ppb) sulfur and
ammonium in the atmosphere, and 10-100 ppb a-pinene. These concentrations
are below the pigeon’s detection thresholds (0.1 to 40 parts per million; Henton
etal., 1966). The differences between the performances of the New York and Ital-
ian pigeons may be a consequence of atmospheric differences. The Italian exper-
iments were carried out near the coast, which runs in a north-south direction.
Indeed, east and west-displaced pigeons oriented better than north and south-
displaced birds. Seabreezes from the west may provide odor cues and these will
extend for approximately 45 to 85 km inland (Waldvogel, 1987).

Other odor fields possibly available to birds are ammonia from pastures and,
over the ocean, dimethyl sulfide released by herbivorous action of plankton on
marine plants (Nevitt et al., 1995).

Serious obstacles to olfactory navigation have been pointed out. There are
drastic differences between actually observed air currents and mean wind direc-
tions for a given locality. Also, the odor sources are unstable temporally and spa-
tially. Finally, there is no evidence for long-lived, strong, and stable chemical
gradients in the lower atmosphere (Becker and van Raden, 1986). The Cross-
Appalachian Tracer Experiment (CAPTEX 1983)showed thatan aerosol released
in Ohio or Ontario could be found in various concentrations over 300 to 1000 km
downwind, with irregular distribution that would provide little directional
information to birds for homing (Waldvogel, 1987).

Chemical cues and the earth’s magnetic field may interact in pigeon naviga-
tion. Pigeons kept in an oscillating magnetic field were affected in their initial
orientation only if they could smell atmospheric odors (Wallraff et al., 1986).
Olfactory restriction and magnetic deprivation have different effects on homing
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in pigeons. In one set of experiments, pigeons were exposed to an artificial ran-
dom magneticfield by one pair of horizontal and two pairs of vertical Helmholtz
coils on their heads. Olfactory deprivation was accomplished by plugging the
nostrils with cotton and sealing with adhesive tape. Only intact birds (no exper-
imental magnetic field, nostrils not plugged) oriented toward home. Birds pre-
vented from smelling were disoriented; they scattered widely in their departure
directions. Magnetically impaired, but olfactorily intact, pigeons were directed,
butin their preferred compass direction for that particular year and not towards
home (Papi and Ioale, 1988).

The most important research areas for the future are the central mechanisms
in the bird and the nature and distribution of odorous substances in the atmo-
sphere (Benvenuti et al., 1992). Reviewing the current state of olfactory naviga-
tion in pigeons, Wallraff (2004) has presented maps of the distribution of dif-
ferent concentrations of six hydrocarbons in a 300 x 300km area in Germany.
Pigeons may well be able to use these atmospheric gas gradients for navigation.

4.5 Mammals

Small mammals are well oriented within their familiar home range but
also when exploring beyond that home range, and most likely when dispersing.
They home well when experimentally displaced from their home site. Finding
one’s way within the familiar home range is termed topographical navigation, in
contrast to operating beyond the home range, where geographical navigation takes
over. Topographical navigation involves three mechanisms:

* guided orientation (also: known as guidance): a direct response to objects;

* path integration: continuous monitoring and computation of the twists and
turns while moving about so that the path back to the starting point (“home”)
can be found;

e landmark navigation: “movement by means of distal visual cues toward a goal
not directly perceived” (Alyan and Jander, 1997).

Spatial orientation in the home range has been studied in house mice, domes-
tic rats, golden hamsters, and Mongolian gerbils. All these species use distant
(visual) landmarks as reference points. However, most of the laboratory stud-
ies focused on very short distances in the 1m range (e.g. Alyan and Jander,
1994). While most studies in mammals examined how the animals find their way
after they have committed their surroundings to memory, we know less on how
these animals learn to orient themselves in their home range in the first place.
The brain structure instrumental in such spatial learning and memory is the
hippocampus.
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The “two blind mice” experiment of Alyan and Jander (1994) used the pup-
retrieving behavior of female house mice to determine the visual cues they use
for orientation in an arena of 1m diameter. A strain of blind mice did not ori-
ent as well as intact mice. In different experiments, neither sighted nor blind
mice appeared to use olfactory cues such as scent trails in sand, or the odors of
wooden blocks in the arena, to find their nest after their arena had been rotated
by 90 degrees. Such rotation misled them on their way home, despite landmarks
in their arena with odor that should have been familiar to them. We know little
on the role of olfactory cues in such short-range orientation.

Given their acute sense of smell, it is reasonable to assume that mammals
use environmental odors for orientation, but we lack experimental evidence.
Particularly suggestive are observations of desert animals that head into the
direction of the wind that blows from bodies of water, areas with rains, or
fresh vegetation suited for grazing. Such so-called “smelling of rain” has been
reported for camels, antelopes, water buffaloes, and others. Migrating mammals
such as caribou, reindeer, or wildebeest may also use conspecific odors on or
near trails. These may originate in dung, urine, or interdigital glands. White-
footed mice (Peromyscus leucopus noveboracensis) homed over distances of about
200m whether or not they had been made anosmic by treatment with zinc sul-
fide (Parsons and Terman, 1978).

Even marine mammals, especially baleen whales, may use odors from land
or sea for navigation. They may also locate their food, krill, near the surface by
sampling the air for “krill odor” (Cave, 1988).
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Chemoreception

We might fairly gauge the future of biological sciences, centuries ahead, by estimating

the time it will take to reach a complete, comprehensive understanding of odor.
LEWIS THOMAS, in: Late Night Thoughts on Listening to Mahler’ s Ninth
Symphony

To appreciate the possibilities and limitations of exchange of chemical informa-
tion, the chemical ecologist needs to understand how the chemical senses work.
There are a number of outstanding reviews and books on chemoreception per se.
In addition to the general principles of chemoreception, the chemical ecologist
is particularly interested in adaptations of anatomy and performance to specific
abioticand biotic conditions that optimize signal detection and maximize infor-
mation gain. Here odor reception will be treated from an ecological viewpoint
and only to the extent thatitisan essential step in the behavior of an animal mov-
ing about in its environment and attending to vital cues. While sensory studies
in the laboratory employ simple and clean stimuli, noise and the need for filtering
are important factors in sensory ecology (Ali, 1978).

5.1 Encounter and exposure: orientation, sniffing,
licking, tasting

The ecologist is interested in behaviors that animals employ before
odor molecules even reach their chemical sense organs. Animals can manipulate
the amount of odorants reaching the chemoreceptors by manipulating airflow
toward the receptors, body movements, or locomotion. In its natural environ-
ment, an animal may seek or avoid stimulation by odors. Such behaviors cannot
be satisfactorily addressed in the confines of laboratory studies. A foraging carni-
vore or herbivore exposes itself continuously to new chemical signals. Alerted by
asound or visual stimulus, an antelope or deer may turn into the wind and sniff.
In many contexts, such orienting movements are the first step in a sequence of
behaviors whose later steps are primarily guided by chemical cues.



5.1 ENCOUNTER AND EXPOSURE

As any dog owner knows, sniffing, licking, and various body movements in
the service of detecting biologically significant chemical signals may be elicited
by visual, tactile, auditory, or chemical stimuli, not just by chemical ones. The
Russian reflexologists have formally worked out these stimulus-response rela-
tionships. Chiszar (1986) has termed such investigatory behavior “dedicated
motor patterns” because they are dedicated to bringing sensory receptors in con-
tact with semiochemicals. Such dedicated motor patterns may occur in the total
absence of chemical cues. Chiszar has pointed out that many experiments in
chemical ecology that measure orienting or investigatory behaviors as depen-
dent variables failed to demonstrate odor effects. A control stimulus may be
sniffed as much as the putative semiochemical. As examples, Chiszar discussed
the tongue flicking by rattlesnakes after striking a prey animal (strike-induced
chemosensory searching), the male guinea pig’s investigation of female urine,
and the male golden hamster’s investigation of vaginal secretion. In all these
cases, rates of investigation of various samples do not depend on a particu-
lar chemical cue. That is why measuring the intensity of sniffing and/or lick-
ing in a bioassay is often a poor indicator of bioactivity of a stimulus. How-
ever, complex chemical signals may include volatile “alerting compounds” that
attract the attention of conspecifics, while other components in the mixture pro-
vide more specific information or trigger typical responses (Miiller-Schwarze,
1998).

5.1.1 Fish

Fish manipulate stimulus access to the olfactory organ in different ways.
Isosmates move water by beating cilia on the olfactory lamellae and thus receive a
continuous laminar flow. By contrast, cyclosmate species draw in water in pulses
by muscles associated with the gills (sniffs or flicks). The commonly observed jaw
movements termed “coughing” are a form of “sniffing” in flounders. The pres-
sure in the olfactory sac drops rapidly during such coughing, drawing in water.
The jaw movement rotates the lachrymal bone, which in turn, pushes or pulls
the olfactory sac. Food odors trigger such coughing (Nevitt, 1991).

5.1.2 Reptiles

Among reptiles, desert iguanas (Dipsosaurus dorsalis) may first visually
spot conspecific scent marks that absorb long-wave ultraviolet light and then
bring their chemoreceptors close. Their femoral gland secretion is non-volatile
and active only at close range. In the laboratory, iguanas detected samples of
femoral secretion on tiles better in ultraviolet light than under incandescent
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light. Once close to the scent mark, the iguanas’ response is measured as the
number of tongue-touches by blindfolded animals. The femoral gland secretion
is a pheromone candidate because the gland is larger in males, is activated by
testosterone, and there is a cycle of glandular activity that coincides with the
breeding season. The secretion contains proteins of 10-30 kDa daltons (Alberts,
1989).

5.1.3 Mammals

Mice are able actively to seck or avoid priming pheromones that modu-
late their ovarian cycle and onset of puberty. Peripubertal female mice avoid
the urine odor of adult males, known to accelerate puberty in females, and are
moreattracted to the odor of grouped adult females. This behavior is particularly
effective because the active space of the (almost) non-volatile male pheromone is
small, and prolonged exposure is required for the effect to occur (Coppola and
O’Connell, 1988). Likewise, prepubertal female mice do not urinate near urine
marks of adult males, while grouped, estrous, and diestrous adult females do.
Such behavior may help young females to avoid exposure to male odors until
they reach puberty. This way they would be protected from mating too early, and
their eventual reproductive success would be enhanced (Drickamer, 1989a).

Various specialized structures may aid in sampling air or improving direc-
tional smelling. The elephant’s trunk can be seen as an olfactory periscope;
tube-nosed bats (Murina and Harpiocephalus spp., Vespertilionidae) and hammer-
head sharks (Sphyrnidae) represent bizarre examples of specialized olfactory
anatomy. Nostrils of lower vertebrates tend to be farther apart than those of
higher vertebrates that have more flexible heads and necks (Stoddart, 1983).

5.2  Receiving molecules: chemosensory organs

Apart from taste, vertebrates have five different chemoreceptor systems
for airborne chemosignals: the main olfactory system, the vomeronasal organ
(VNO), the trigeminal nerve, the septal organ of Masera, and the nervus termi-
nalis. They each will be discussed in turn. All five are fully functional in most
mammals (Fig. 5.1).

5.2.1 Main olfactory system

This chapter will only deal with a few facts pertinent to the ecological
operations of animals. Excellent reviews and monographs deal with the olfac-
tory system.
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FIGURE 5.1 The five neural components that serve in olfactory reception, shown
in an rat; nostrils at upper right, incisors at lower right. The main olfactory bulb
(OB) receives axons from the olfactory epithelium (OE) through the cribriform plate
(cr). The lines (VN) represent the vomeronasal nerve, conducting signals from the
vomeronasal organ above the roof of the mouth. NT, nervus terminalis; t, branches
of the trigeminal nerve; Mn, septal organ of Masera; s, septum. (Modified from
Graziadei, 1977.).

Overall structure

Fish

Elasmobranchs have their paired olfactory organs on the ventral side
near the mouth. As the fish takes the respiratory water current into the mouth,
water passes through the olfactory sacs. Thus, elasmobranches use the respira-
tory water current for supplying the olfactory organ with waterborne stimuli.

By contrast, bony fish have their olfactory organs on the dorsal side of the snout

at some distance from the mouth. The olfactory system in fish involves the first
(olfactory) cranial nerve, while the ninth (glossopharyngeal) and other nerves
serve the sense of taste.
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FIGURE 5.2 The olfactory organ in fish. (@) The nostril positions in sculpin
(Cottidae); (b) nostril position in spiny eel (Mastacembelidae); (c) a skin flap separates
in- and outflow, an arrangement typical for bony fish (here: Catastomidae); (d) the
olfactory lamellae are located in the floor of the olfactory capsule (here: minnow,
Phoxinus). (From: C. E. Bond: Biology of Fishes.)

The olfactory receptors of fish are located on lamellae, arranged in an oval or
round olfactory rosette; this in turn, is housed in the olfactory capsule, a cham-
ber at the front of the head (Fig. 5.2). The olfactory capsule is totally separated
from the respiration system. Inlet and outlet openings permit a stream of water
to pass through the olfactory capsule. Fish with round rosettes have the fewest
chemoreceptors and rely less on olfaction, while elongated rosettes are charac-
teristic for species with a keen sense of smell. Cycloosmatic fish possess accessory
sacs, branching off from the main olfactory sacs. The accessory sacs act as pumps
drawing water through the olfactory organ, activated by muscles of the jaw and
gill regions. With the exception of lungfish, the olfactory sacs in fish are not con-
nected to the mouth. Therefore, the lungfish resemble terrestrial vertebrates in
this regard. The olfactory sensory cells are unevenly distributed over the epithe-
lium, with 50000 to 100000 cells/mm?, on average (Jobling, 1995). The olfactory
epithelium sends its information to the olfactory bulb, which is organized into
glomeruli, clusters of neurons. The olfactory tract transmits the chemosensory
information from the bulb to the brain. The olfactory tractin the Atlantic cod has
four nerve bundles that specialize in conveying specific information, leading to
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four different behaviors: flight, courtship, snapping with open mouth, and food
seeking (Jobling, 1995).

In many deep-sea fish, the olfactory capsule and olfactory lobes are much
larger in males than in females. The olfactory lobe of the brain may even change
insize in the same individual: ripe males of Gonostoma bathyphilus (Gonostomati-
dae) have extremely large olfactory lobes. With sex reversal, their olfactory lobes
regress (Badcock, 1986).

In fish, certain odorants activate specific glomeruli in the olfactory bulb.
Amino acids stimulate glomeruli in the lateral region of the bulb, while
glomeruli in the medial region of the bulb process information on bile acids
(Yoshiharaet al., 2001).

Reptiles

The forked tongue of squamate reptiles, together with the VNO, has
received considerable more attention than the sense of smell per se. Recent strong
evidence suggests that the forked tongue serves in odor trail location by simul-
taneously comparing two odor concentrations (“directional smelling”). Ecolog-
ically, reptiles that follow prey trails have forked tongues, while ambush hunters
do not (Schwenk, 1994). Comparing dinosaur skulls with living reptiles and
birds strongly suggests that even in those extinct reptiles the fleshy nostril was
located forward (rostral) in the enormous bony nasal aperture — contrary to the
traditional assumption of a location farther back on the skull. This would have
permitted the dinosaurs to pass the inhaled air over their olfactory epithelium
(Witmer, 2001).

Birds

The sense of smell in many birds is better developed than previously
thought. The relative size of the olfactory bulb varies from largest in procellari-
iforms to smallest in songbirds (Bang and Cobb, 1968; Bang, 1971). Olfactory
bulb size is correlated with life habits: carnivorous and piscivorous, colonial,
burowing and/or sexually monomorph bird species have the largest, seedeaters
the smallest (Fig. 5.3). In some species, the numbers of olfactory receptor cells
and glomerular mitral cells approach those of mammals with a keen sense of
smell, such as the rabbit (Wenzel, 1986). Accordingly, olfactory performance is
acute in some bird species. Using Pavlovian techniques and measuring cardiac
acceleration, theimportance of the olfactory system in the reception of four odor-
antshasbeen examined in pigeons (Hentonetal., 1966). The birds were most sen-
sitive to n-butyl acetate (10~* of vapor saturation), followed by butanol (10~*3),
n-amyl acetate (10~*), and benzaldehyde (10733).
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FIGURE 5.3 Food habits and relative size of olfactory bulb in birds. Species were
devided into seven classes by mean olfactory bulb size calculated as the largest
diameter of the bulb as a percentage of the largest diameter of the whole brain. (a)
Relationship with food habits; birds with large olfactory bulbs are more likely to be
carnivorous or piscivorous (4, while all bird species in the smallest class are
seedeaters (). (b) The larger the olfactory bulb, the more species are colonial
breeders (‘) and sexually monomorphic (IM). (After data in Bang and Cobb (1968)
and Bang (1971.)
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FIGURE 5.4 Different degrees of elaboration of the nasal scrolls (turbinates) in
some birds and mammals. Only part of the scrolls contain olfactory epithelium.
Note the difference between humans and deer. (Redrawn from various sources.)

Birds smell food not necessarily from a distance. They may do so via the
choanae while the food is in the mouth. Waxwings discriminate berries treated
with methyl anthranilate from controls only after picking them up with their
bills (Avery et al., 1992).

Mammals

In mammals, the main olfactory system is the “work horse” in the per-
ception of odors. Excellent detailed reviews of the mammalian olfactory system
are available elsewhere. In brief, the olfactory epithelium is located on a por-
tion of the scroll bones (endoturbinales and posterior part of nasoturbinales;
Fig.5.4),inhumansitislocated about 1cm beneath the bridge of the nose. Olfac-
tory reception is affected by several factors, such as the size, shape, or wetness of
the nasal passages. In the dog, the olfactory membrane extends over 75-150cm?
depending on body size, while in humans it is only 2-4 cm?. It consists of three
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FIGURE 5.5 Structure of olfactory epithelium in mammals, a schematic view.
Only one receptor cell is shown with its entire cilia floating in the olfactory mucus
layer. (From Albone, 1984.)

cell types: receptor cells are bipolar and connected to the olfactory bulb; supporting
cells space the dendrites out, and basal cells are precursors of both receptor and
supporting cells (Fig. 5.5). There can be as many as 9.0 x 10° receptors/cm?. The
olfactory epithelium of the mouse contains over 2 million sensory neurons.

The dendrites on the receptor cells have swellings, the olfactory knobs. These
knobs have smooth vesicles that may be open to the mucus covering the epithe-
lium. From each knob extend 1 to 150 cilia, floating in the mucus. The precise
number of cilia varies with the species. The rabbit, for example, has 10-12 cilia
on each knob. The surrounding mucus consists of mucopolysaccharides, lipids,
and phosphatides. The axons of the olfactory receptor cells extend through the
cribriform plate and terminate in the olfactory bulb (Fig. 5.1).
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How olfactory receptors work

The olfactory epithelium contains a large number of different recep-
tors. Buck and Axel (1991) found large families of genes for proteins that appear
to be receptors linked to G-proteins and occur only in the olfactory epithe-
lium. These are the largest gene families known to date for any animal genome.
Mouse and rat have over 1000 olfactory receptor genes (OR), humans 500-750,
and zebrafish and catfish around 100 (Mombaerts, 1999). The genes code for a
range of receptors that recognize diverse odorants. Does olfaction use “labeled
lines” or “diffuse signals” (“broad tuning”)? A study of olfactory receptor neu-
rons in vivo in anesthetized rats supports the notion of broad tuning. As many
as 10 different odors can excite the same olfactory receptor neuron as mea-
sured by the electro-olfactogram; 32% responded to six different odors, and
only 12% to just one single odor. The study employed odors from the ter-
pene, camphor, aromatic and straight-chain ketone groups, previously used in
frogs (Duchamp-Viret et al., 1999). The several compounds that one olfactory
receptor type responds to share certain molecular features. The rat neurons
responded more broadly but with less sensitivity to odors than did those in
the frog. One single olfactory receptor neuron is thought to express only one
or only few of the 1000 OR genes. Some consider the “one neuron, one OR”
hypothesis far from proven (Mombaerts, 1999); however, recent work has shown
how feedback from an expressed OR gene inhibits the activation of other OR
genes, ensuring the “one receptor — one olfactory neuron rule” (Serizawa et al.,
2003).

Molecular events at the olfactory receptors

The mucus of the olfactory epithelium contains odorant-binding pro-
teins that are specific to various odorants, such as anisole, camphor, benzalde-
hyde (cherry-almond odor), 2-isobutyl-3-methoxypyrazine (green bell pepper
odor), and 5«-androst-16-en-3-one (urine odor) (summarized by Leffingwell,
2001).

Odorants are thought to bind to integral membrane receptors on the cilia of
the olfactory sensory neurons. The receptors are thought to be specific; different
olfactory neuron types recognize different odorants that share certain character-
istics (Buck, 1993). The odorant receptors transduce signals via interactions with
G-proteins (so-called because guanosine trisphosphate is involved in their acti-
vation). These G-protein-coupled exhibit seven hydrophobic domains (Fig. 5.6).
Variation in theamino acid sequence of the transmembrane domain may account
for specificity and selectivity of odor reception.

o1



92 CHEMORECEPTION

FIGURE 5.6 A transmembrane olfactory receptor. The sections shown as
cylinders reside in the cell wall. These are the seven transmembrane hydrophobic
domains. Loops on top (and the N-terminus) are outside the cell, those at the
bottom (and the C-terminus) are inside the cell. For clarity, the “cylinders” are
spread out but, in the cell, they are bundled into a ligand-binding pocket. The
residues shown as black dots are especially diverse among known odorant receptors.
This diversity enables the receptor family to interact with many different odor
molecules. (From Buck, 1996.)

The receptors start a second messenger cascade that is initiated by activa-
tion of G-proteins in the cell. These, in turn, interact with membrane-bound
adenylyl cyclase, which catalyzes the formation of cyclic adenine monophos-
phate (cAMP) and opening of cAMP-gated cation channels. Depolarization then
brings about an action potential, which travels along the axon of the olfactory
sensory neuron. Many of the molecular components of this cascade are olfactory
specific.

To be ready for the next odor stimulus, g-adrenoceptor kinase (Bark) 2 inac-
tivates a receptor only a tenth of a second after the first stimulation occurred.
Thiskinase phosphorylates theactivated receptor, which allows another protein,
B-arrestin, to bind to the receptor and inactivate it. This is a specific example of
a group of enzymes that deactivate hormone or neuroreceptors (Dawson et al.,
1993).
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The first olfactory neuron-specific protein, termed olfactory marker protein
was isolated by Frank Margolis in 1972 and was cloned in the 1980s. This
19 kDa cytoplasmatic protein is unique to the mature olfactory system and is
found in vertebrates from salamanders to humans (reviewed by Margolis ez al.,
1993).

In the olfactory epithelium, different OR genes are expressed in different
regions so olfactory neurons of one type are concentrated in a particular zone.
For instance, the K4 and K7 subfamilies are always expressed together in the
same (middle) region, while the K18 subfamily is always located in a different
region dorsal and medial from K4 and K7 (Ressler et al., 1993). This spatial seg-
regation is preserved in the projections of the olfactory receptor neurons to the
olfactory bulb (Ressler et al., 1994). However, in each of the four zones, many dif-
ferent types of olfactory receptor neuron occur in a mosaic. Such zonal arrange-
ments exist in mouse, rat, and zebrafish and may represent an efficient wiring
system conducive to easy decoding (Mombaerts, 1999).

Processing in the olfactory bulb

The olfactory bulb contains glomeruli where the dendrites of mitral
cells and tufted cells concentrate. The mouse has about 1800 glomeruli in its
olfactory bulb. In the rabbit, the input from 5 x 107 receptor cells converges
on 1900 glomeruli (Fig. 5.7). In some bats, 900 receptor cells converge on each
secondary olfactory neuron.

Associated with the glomerulus are two additional cell types, the periglomeru-
lar and granular cells. Both establish lateral connections between tufted and
mitral cells. With 1000 OR genes estimated in mouse and rat, each olfactory
receptor type may correspond to two glomeruli (Mombaerts, 1999). Thus, a
glomerulus is the site where the axons of olfactory sensory neurons expressing a
specific OR type converge, an important stage in integrating olfactory informa-
tion (Mombaerts, 1999).

With about 1000 OR genes, there are about two glomeruli for each. The con-
nection of olfactory neurons to the olfactory bulb follows two principles: zone-
to-zone projection and glomerular convergence (Mori et al., 1999). An optical
imaging technique, termed intrinsic signal imaging, identifies how specific
glomeruli respond to particular odors in living animals. A light illuminates the
glomeruli through an opening or thinned spot in the skull above the olfac-
tory bulb. Changes in neural activity affect levels of blood oxygenation and
light-scattering properties of neural membranes. (The hemoglobin of the blood
absorbs light, and the membranes scatter light in varying ways.) This causes
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FIGURE 5.7 Projection of receptor input from olfactory epithelium onto
glomeruli in the main olfactory bulb in mice. The epithelium is organized into four
zones defined by expression of odorant receptors. Olfactory neurons of a particular
zone project to a corresponding zone in the bulb. Axons of these olfactory neurons
that express the same odorant receptor (such as those shown in black) converge to a
small number of glomeruli. AOB, accessory olfactory bulbs, NC, nucleus coeruleus.
(From Mori et al., 1999.)

changes in the light bouncing back that can be visualized as differently colored
small areas of the olfactory bulb (Rubin and Katz, 1999).

Processing at higher centers

After only one synapse — in the glomerulus — connections with the cor-
tex are made. Approximately 24 output cells emerge from each glomerulus. We
are now starting to understand how the olfactory bulb connects functionally to
the cortex. Linda Buck and her colleagues have labeled receptor cells by insert-
ing the gene for a marker protein called barley lectin next to the gene fora mouse
olfactory receptor protein. The lectin marker could be demonstrated in both
the neuron carrying that receptor and in connecting neurons. In this way, the
investigators traced the connections from receptor neuron through the olfac-
tory bulb to the olfactory cortex. Each of two OR genes thus marked resulted in
one or two stained glomeruli on each side of the main olfactory bulb. The olfac-
tory cortex showed several clusters of stained neurons. Each mouse exhibited
the same pathways, showing for the first time a clear organization in the projec-
tion from the bulb to the cortex. Moreover, projections from different receptor
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types converge in the cortex, permitting comparison and integration of infor-
mation. While in each half of the bulb, each receptor is represented in 1 out of
1000 glomeruli (0.1% of the bulb’s area), a receptor’s projections cover about
5% of the area in the cortex. This suggests that a single cortical neuron receives
input from as many as 50 different olfactory receptors. Leading smell researchers
see this as a means for the brain to analyze and distinguish the often complex
smells.

Beyond the olfactory bulbs, complex signal processing takes place. Connec-
tions between the olfactory bulbs permit summation of input from the two
olfactory mucosae, thus enhancing sensitivity (Bennett, 1968). The central olfac-
tory apparatus involves many brain areas, including the mediodorsal thalamic
nucleus and the prefrontal insular cortex (cited in Ferreira et al., 1987), the
hippocampus, fornix, gyrus supracallosus and dentalus, septum lucidum, and
uncus.

Other developmental and functional aspects
A number of pertinent observations have been made.

* Odor exposure during early ontogeny (e.g. 2-week-old rats) alters the mitral
cells in specific regions of the olfactory bulb (Dgving and Pinching, 1973;
review by Reasner, 1987).

* Domestication can change the olfactory system. In the domestic pig, most

olfactory structures in the forebrain are 30% smaller than in wild boar (Kruska

and Rohrs, 1974).

The olfactory receptors can be stimulated by bloodborne odors. Garlic odor,

carried in the blood, can be perceived olfactorily (Maruniak et al., 1983).

The main olfactory system is designed with considerable redundancy. Rats

that have been bulbectomized on one side still have the same absolute thresh-

old and intensity difference threshold as intact rats (Slotnick and Schoonover,

1984).

Centrifugal neural pathways affect the processing of meaningful biological

information in the olfactory bulb; rates of habituation particularly appear to

be modulated this way. (Responses to food and sex odors habituate little.)

This centrifugal innervation also has long-lasting effects on olfactory learn-

ing. In short, the olfactory bulb is part of a neural network (rather than a strict

one-way street for incoming stimuli) that supports learning and memory for

biologically significant odors (Gervais et al., 1988).

The main olfactory system mediates numerous behaviors that will be
discussed in the section on signaling and priming pheromones, and also
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interspecific responses. For any given mammalian species, the role of this system
in particular behaviors cannot be easily predicted. For instance, in prairie voles,
Microtus ochrogaster, females associate strongly with familiar males. This response
is lost after removal of one or both olfactory bulbs. Bulbectomy reduces mating
behavior but does not eliminate it, while — unlike in mice — maternal behavior is
not affected (Williams et al., 1992a).

5.2.2 Vomeronasal system

The vomeronasal system, also known as the accessory olfactory system,
consists of chemoreceptors, organized into the VNO, the vomeronasal nerve,
its terminal, the accessory olfactory bulb, and more central pathways. First
described by Jacobson in 1811, the VNO has been studied intensely. We now
know how stimuli reach it and what behaviors it mediates. The VNO occurs in
amphibians, reptiles, and mammals. Among mammals, it is best developed in
marsupials and monotremes. In birds it only appears during embryogenesis.
The VNO and its function are best known for squamate reptiles, particularly
snakes, and rodents and ungulates among the mammals.

Amphibia

The best developed vomeronasal system among amphibia is found
in plethodontids, a family of lungless salamanders that originated in the
Appalachian mountains of North America, where diverse forms still abound.
This family enjoys special chemosensory adaptations and the VNO is situated
anteriorly in the nasal cavity (Fig. 5.8). The genus Plethodon (woodland sala-
manders) has been well investigated. In the red-backed salamander, Plethodon
cinereus, nasolabial grooves lead to the VNO; the behavior of nose tapping draws
material up the nasolabial grooves, which probably facilitates stimulus detec-
tion (Dawley, 1987, 1992). Nose tapping is the functional equivalent of tongue
flicking in snakes. Both behaviors pick up material for chemical evaluation. The
red-backed salamander uses its VNO in finding prey such as Drosophila, although
other senses are also important (Placyk and Graves, 2002).

There are sex differences: in woodland salamanders (Plethodon) and brook
salamanders (genus Eurycea) of the lungless salamander family Plethodontidae,
females have smaller VNOs than males (Dawley, 1992). There are also species
differences: the VNO in Eurycea wilderea is larger than that in Plethodon cinereus,
and the size of the hypertrophied nasal grooves, called cirri, correlate with size
of VNO (Dawley, 1992).
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FIGURE 5.8 Location of the vomeronasal organ (VNO, cross-hatched) in
amphibians and reptiles. Arrows show air entering through the external nares at
top and exiting through the choanae at bottom. From there, VNO receives air with
odors. N’ nasal cavity. In lizard, VNO receives stimuli from mouth cavity below,
with help from tongue. (Redrawn after Romer, 1959.)

In the frog Rana temporaria, the VNO shares the nasal compartments with the
main olfactory organ. The VNO has three cavities, and water enters from the
external nares via two fissures. The VNO is used to sample water while the frog is
submerged, while above water air is inhaled and the olfactory system stimulated
(Dgving et al., 1993).

Reptiles

The reptilian VNO develops from the nasal cavity but is separate from
it in the adult stage. The best-known behavior involving the VNO in reptiles
is tongue flicking. The forked or simple tongue samples air and is assumed
to transport odorants into the openings of the VNO in the roof of the mouth,
although this view has been challenged (Schwenk, 1994). The VNO processes
volatiles and non-volatiles, while the nasal olfactory system is limited to volatile
stimuli. Odorants can be directly moved into the VNO by pressing the back of the
tongue against the vomeronasal duct or indirectly after first wiping the tongue
over the sublingual plicae (folds) (Schwenk, 1994). The VNO is highly developed
in snakes and lizards, though turtles possess some VNO tissue. The VNO of
garter snakes projects to the accessory olfactory bulb in a zone-to-zone fashion,
as in several mammalian species.

The VNO plays an important role in feeding behavior in garter snakes
(Halpern and Frumin, 1979). Lizards also appear to use their VNO for food
detection. Examples are the scincid lizard Chalcides ocellatus (Graves and Halpern,
1990) and the desert iguana D. dorsalis (Cooper and Alberts, 1991). The latter
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Table 5.1 Role of vomeronasal organ in behavior of amphibians and reptiles

Class and taxon Context Behavior Reference
Amphibia
Plethodontids (lungless Chemical Nose tapping Dawley 1987, 1992

salamanders): woodland  evaluation
salamanders (Plethodon)

Frog (Rana temporaria) When submerged ~ Sample water Dgving et al., 1993
Reptiles
Garter snakes (Thamnophis ~ Feeding Response to earthworm Halpernetal., 1985

spp-), wash
Lizard Dipsosaurus dorsalis ~ Food finding Detection of carrot extract  Cooper and Alberts, 1991
Red-eared turtle Pseudemys Chemoreceptionin  Accessory bulb activity to ~ Hatanaka and Hanada,

scripta water saltsolutions and soluble ~ 1987

vapors

were unable to detect carrot extract odor or cologne on cotton swabs if
their vomeronasal ducts had been sealed experimentally (Cooper and Alberts,
1991).

In garter snakes (Thamnophis sirtalis) a VNO-mediated stimulus can reinforce
behavior: dried earthworm wash or earthworm bits can be used to reward correct
performance in a conditioned response to an arbitrary stimulus, such as dots ver-
susstripesinaY-maze(Halpernetal., 1985).In red-eared turtles the VNO “is con-
sidered to involve aqueous chemoreception in water.” Salt solutions and solu-
ble vapor substances generated activity in the accessory olfactory bulb (Hatanaka
and Hanada, 1987).

Table 5.1 lists some behavioral roles of the VNO in amphibians and reptiles.

Mammals

Structure of the vomeronasal organ

The VNO of mammals consists of a pair of parallel tubes located above
the palate on either side of the nasal septum (Fig. 5.9). The organ commu-
nicates with the outside by the nasopalatine duct, which, depending on the
taxon, may open (a) to the mouth cavity via the incisive duct and incisive papilla
(Fig. 5.10); (b) to the nasal cavity, as in alcelaphine antelopes, such as Topi,
Damaliscus korrigum, and Coke’s hartebeest, Alcelaphus cokii (Hart et al., 1988), and
the horse (here the VNO does not “get it from the horse’s mouth, but rather is
paid through the nose”); or (c) both (e.g. the ring-tailed lemur, Lemur catta; Bailey,
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FIGURE 5.9 Mammalian vomeronasal organ (VNO). (¢) Location of the VNO in a
female Asian elephant, Elephas maximus. (b) Location of the VNO in the European
hedgehog, Erinaceus europaeus. ([b] From Rasmussen and Hultgren, 1990; [a] from
Stoddart, 1983, after Poduschka and Firbas 1968).

1978). There may be intermediate stages: the common wildebeest (Connochaetes
taurinus) lacks incisive papillae but has small incisive ducts.

Blood vessels, cavernous tissue, and muscles surround the VNO, and all in turn
are enclosed by the vomer bone capsule. This arrangement permits the lumen
of the VNO to be compressed by swelling of surrounding tissue and opened by
deflation, permitting stimuli to move out or in. This mechanism is known as the
vomeronasal pump (Meredith and O’Connell, 1979).

Receptor cells

The VNO is lined with bipolar receptor cells (Fig. 5.11). The recep-
tor cells possess microvilli, in contrast to the cilia on the receptor cells of the
main olfactory epithelium. The VNO of male and female mice have sensory cells
with receptors that respond to male urine, and others that respond to female
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FIGURE 5.10 Openings of incisive ducts (leading to the vomeronasal organ)in
the roof of the mouth of a male black-tailed deer, Odocoileus hemionus columbianus.
The two openings are the small pores in the left and right corner of the rhomboid
groove close to the upper lip (indicated by thin lines). (Photograph: D.
Miiller-Schwarze.)

urine (Holy et al., 2000). The VNO can be very sensitive. VNO neurons, exposed
to six pheromonal compounds from mice, responded to concentrations near
10~1° mol/l (Leinders-Zufall ez al., 2000).

Mechanisms of stimulus access

Stimuli gain access to the organ via the incisive foramen in the roof of
the mouth or the nasal cavity. The vomeronasal pump, described for the ham-
ster by Meredith and O’Connell (1979), aids in moving molecules into the organ.
This way the animal can control stimulus access and its intensity. Experiments
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FIGURE 5.11 Structure and location of the vomeronasal organ in the mouse,
seen in a transverse cross-section through the middle of the vomeronasal organ.
(Redrawn after Dgving and Tritier, 1998.)

with dyed materials have shown that non-volatiles reach the VNO in a variety of
behavior contexts. For instance, the VNO of male pine voles (Microtus pinetorum)
and meadow voles (Microtus pennsylvanicus) takes up female urine during investi-
gation, and also materials from the fur during grooming, and even dyes applied
to food (Wysocki et al., 1980). The VNO plays an important role in mediating
reproductive behavior.

Even in primates, the vomeronasal system can be functional. If the liguid
phase of urine from several species of the same genus is micropipetted into
the oral opening of the nasopalatine duct of mouse lemurs (Microcebus murinus,
Prosimia), they respond with sniffing, licking and “VNO testing.” By contrast,
urine volatiles stimulate only the main olfactory system in this species (Schilling
etal., 1989).

Flehmen
Flehmen (or “lipcurl”; Fig. 5.12), a behavior typical for males when
examining female urine, occurs in several mammalian groups. After the buck
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FIGURE 5.12 Flehmen inamale pronghorn, Antilocapra americana. (Photograph:
D. Miiller-Schwarze.)

has brought urine to his upper palate by licking or mouthing movements, he
raises his head, curls up the upper lip, and breathes deeply and rhythmically.
Various species differ in details of flehmen. Estes (1972) postulated that the VNO
receives material during flehmen. Studies of male goats with dyed urine showed
thatindeed urine enters the VNO during flehmen (Hart, 1983). In several better-
investigated species such as black-tailed deer, Odocoileus hemionus columbianus,
(Miiller-Schwarze, 1979) or domestic sheep (Bland and Jubilan, 1987) Flehmen
occurs least often during estrus. This indicates the analytical role of flehmen
but does not exlude a stimulatory function. Wildebeest males do flehmen to
female urine, but lick their nostrils during flehmen. This licking may deliver
stimulus material to the VNO via the nasal cavity, perhaps to compensate for
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the reduced oral access to the VNO in this group of mammals (Hart et al.,
1988).

Central projections from the vomeronasal organ

The VNO axons form the vomeronasal nerve, which connects with the
accessory olfactory bulb. In contrast to the main olfactory system, axons from
neurons expressing a particular vomeronasal receptor project to glomeruli of
the accessory olfactory bulb (Mombaerts, 1999). The apical VNO region, with
mostly type 1 (V;) receptors, projects to the anterior (rostral) part of the acces-
sory olfactory bulb, while the basal region (with V, receptors) projects to the pos-
terior part. The representation of sensory neurons of the VNO in the glomeruli
of the accessory bulb differs from that of the main olfactory system: to make
up for the smaller number of receptor types, the VNO achieves odor decoding
by a more complicated spatial representation. “Neurons expressing the same
receptor gene project to many different glomeruli, while a single glomerulus
may receive input from more than one receptor type” (Keverne, 1999). Beyond
the accessory bulb, more complexity occurs: one mitral cell can gather informa-
tion from more than one glomerulus. It is thought that these arrangements ulti-
mately serve asa “difference detector” (Keverne, 1999), most other analysis being
done by the main olfactory system.

From the accessory bulb, projections lead to the medial nuclei and posteri-
omedial portion of the cortical nuclei of the amygdala. The amygdala in turn
is connected to higher centers via the stria terminalis, and hypothalamic struc-
tures. Thus, the accessory olfactory system represents a neural pathway separate
from the main olfactory system. Both project into absolutely different parts of
the amygdaloids (Powers and Winans, 1975; Powers et al., 1979).

Functional magnetic resonance imaging permits the central processing of
urinary pheromones to be followed. The VNO and accessory olfactory bulb
are involved in processing pheromonal stimuli. In an Australian marsupial,
the brown antechinus (Antechinus stuartii), some projections from the accessory
olfactory bulb respond indiscriminately to male and female urine odors while
others are activated only by male urine cues. These findings show that urinary
pheromones may act on the hypothalamic-pituitary-adrenocortical axis via the
paraventricular nucleus of the hypothalamus (Toftegaard et al., 2002).

Role of the vomeronasal organ in behavior

In mice, extirpation of the VNO has many behavioral effects. It reduces
aggression in male mice (Bean, 1982; Wysocki et al., 1986), reduces urine mark-
ing and aggressive behavior in sexually naive male mice (Maruniak et al., 1986);
lowers marking to some extent also in sexually experienced males (Labov and
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Table 5.2 Chemosensory systems required for behaviors in golden hamsters

Behavior Chemosensory system required

Species recognition

Responses to vaginal secretion marks Main olfactory system
Responses to flank gland secretion Main olfactory system
Reproduction
Androgen responses of male to vaginal Vomeronasal organ
secretion
Ultrasonic calling Vomeronasal organ and main olfactory system

After Johnston, 1992.

Wysocki, 1989); reduces ultrasonic vocalizations by male mice when a female is
present (Wysocki et al., 1982); and abolishes maternal aggression in primiparous
female mice (Leprietal., 1985). Deafferentiation of the VNO in male mice impairs
sexual behavior. The effectis greatest if the male was deafferentiated before expe-
rience with any adult female (Clancy et al., 1984). Aggressive behavior in male
mice is less reduced after deafferentiation of the VNO if they had had fighting
experience (Daranzo et al., 1983).

Wysocki et al. (1986) have reviewed the relationships between learning and the
VNO. The VNO plays a role in responses to infant conspecifics. Intact virgin male
rats kill newborn pups. If their VNO is removed surgically, the rate of this infan-
ticide decreases (Mennela and Moltz, 1988). A virgin female rat will accept foster
pups if her VNO has been deafferentiated (Fleming et al., 1979). The same is true
for male rats. They will show maternal behavior toward pups after removal of the
VNO (Saito, 1986a). Lactating rats are impaired in their retrieving of pups if their
VNO has been extirpated (Saito, 1986b).

In the golden hamster, the VNO is essential for certain reproductive behaviors,
while the main olfactory system mediates responses that involve species recog-
nition (Johnston, 1992; Table 5.2). As in mice, removal of the VNO impairs sex-
ual behavior in male golden hamsters, but only if carried out before the animal
had had sexual experience (Meredith, 1986). The same is true for ultrasonic
vocalizations.

Virgin male prairie voles (M. ochrogaster) are less likely to sire offspring if their
VNO is removed (Wekesa and Lepri, 1992). In the guinea pig, stimulation of
the VNO is assumed to be “inherently reinforcing.” Male guinea pigs cease to
head-bob to female urine after their VNO is surgically removed (Beauchamp
etal., 1985).
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The role of the vomeronasal organ in priming

The VNO is extremely important in mediating endocrine responses to
primer pheromones. Puberty acceleration in female rats by male urine odors can
be prevented by electrolytic damage to the vomeronasal nerve. Also, effects of
male urine odor such as shortening of the estrus cycle (see Ch. 8) can be elim-
inated by section of the vomeronasal nerve, or bilateral electrocoagulation of
the accessory olfactory bulb (Sinchez-Criado, 1982). In rats, the odor of males
stimulates ovulation in females, an effect that is lost if the VNO is extirpated
(Johns et al., 1978). Female prairie voles, M. ochrogaster, respond to odors from
males with reproductive activation. Surgical removal of the VNO from adult
females impedes this reproductive activation by the stud male. The weights of
the uterus and the ovaries of these females were lower than those of normal or
sham-operated individuals. However, the females without a VNO were still able
to locate food by chemical cues (Lepri and Wysocki, 1987).

At the endocrinological level, the VNO mediates the surge of luteinizing hor-
mone and testosterone in males after exposure to females. This surge does not
occur if a male with deafferentiated VNO is exposed to an anesthetized female
or her urine (Wysocki et al., 1983). But VNO-deafferentiated males will show a
surgeinluteinizinghormonein response to awake females (Coquelin et al., 1984).
In female mice, stimulation of the VNO by male urinary cues activates the limbic
system (discussed in Ch. 8). The roles of the VNO in the behavior of some rodents
are listed in Table 5.3.

Genetic basis of function in vomeronasal organs

Some sensory neurons of the VNO express two gene superfamilies,
termed V1r and V2r, that encode over 240 proteins of the seven-transmembrane
type (Matsunami and Buck, 1997). These G-protein-linked putative pheromone
receptors are distantly related to the main olfactory system’s receptors. Recep-
tors of the VNO are linked to different G-proteins, and their extracellular
N-terminal domains are longer than those of the receptors in the main olfactory
system. (V; receptors are linked to Gi-proteins and V, receptors to Go-proteins).
The intracellular excitation mechanism in VNO sensory neurons also differs
from that in the main olfactory systems; instead of linking to adenylyl cyclase,
the VNO receptors activate the phosphoinositol second messenger system. This
has been demonstrated in several mammalian species. In hamsters, aphrodisin
increases inositol 1,4,5-trisphosphate (IP;) levels in VNO membranes. Boar sem-
inal fluid and urine stimulate increases of IP; in the VNO of the female pig.
(However, in the pig, the VNO is not necessarily essential for responses to
pheromones [Dorries et al., 1997)).
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Table 5.3 Role of the vomeronasal organ in rodent behavior

Species Sex  Context Behavior Reference
Mouse Mus domesticus ~ M~ Aggression Aggressive behavior; urine  Bean, 1982; Wysocki
marking etal., 1986;
M Sexual behavior Ultrasonic sounds Wysocki et al., 1982
F Maternal behavior Maternal aggression Leprietal., 1985
Rat Rattus norvegicus M  Infanticide Kills newborn pups Mennela and Moltz,
1988
F Maternal behavior Neophobia to pups by Flemingetal., 1979
virgin F
F Maternal behavior Retrieving pups Saito, 1986b
Prairie vole Microtus M Reproduction Siring offspring Wekesa and Lepri, 1992
ochrogaster
Golden hamster M  Mating Vaginal secretion elicits Clancy et al., 1984
Mesocricetus auratus mounting
M Sexually native Sexual behavior; Meredith, 1986
male ultrasonic sounds
Guinea pig Cavia M Female urine Head bobbing Beauchamp et al., 1985
porcellus
Meadow vole M,F Feeding Food dye found in VNO Wysocki et al., 1985
Microtus pennsylvanicus
Pine vole M,F Feeding Food dye found in VNO Wysocki et al., 1985

Microtus pinetorum

M, male; F, Female; VNO, vomeronasal organ.

In rats, both male and female urine activate both subtypes of G-protein.

(Lipophilic volatile odorants act on Gj, and a urinary lipocalin protein on Gy).
There are specific receptors for urinary lipocalins in the VNO (Krieger et al.,
1999). In summary, the two subtypes of receptor may be activated by distinct
ligands; V, receptors are particularly receptive to non-volatile proteins (summa-
rized in Keverne, 1999).

Deleting a cluster of 16 Vir genes (2 of the 12 Vir gene families; repre-
senting about 12% of the Vir repertoire) impairs sexual and maternal behav-
ior. Gene-deficient male mice initiate fewer sexual encounters, and lactating
females attack intruders less. Furthermore, both mutant male and female mice
showed “specific anosmia” in that VNO did not respond to three of eight tested
pheromonal compounds (6-hydroxy-6-methyl-3-heptanone, n-pentyl acetate,
and isobutylamine) (Del Punta et al., 2002).

Peptides that serve as ligands for major histocompatibility complex (MHC)
class I molecules can activate vomeronasal sensory neurons. These peptides con-
tain nine amino acid residues and activate sensory neurons from the V, receptor



5.2 CHEMOSENSORY ORGANS

OH

>......

HsC  CHj

FIGURE 5.13 Structure of menthol, a trigeminal irritant.

family, which arelocated in the basal (deep) layer of the vomeronasal epithelium.
This finding establishes a connection between the MHC molecules that signal
individuality (genotypic diversity) and receptor mechanisms that read informa-
tion about individuality (individual recognition), thus influencing social behav-
ior (Leinders-Zufall ezal., 2004).

Why do animals need a VNO? Meredith (1983) suggested three possible
reasons: (a) VNO receptors may be more sensitive to certain chemicals, but also
more vulnerable to damage; (b) reception of certain chemicals may require spe-
cial glandular secretions over the receptors, which is only possible in the VNO
lumen; and (c) the information reaching the brain via the VNO may be so potent
in triggering behavioral or physiological processes that inadvertent triggering
should be avoided.

5.2.3 Trigeminal nerve

The trigeminal nerve, or fifth cranial nerve, innervates the face and eyes.
It responds not only to touch, painful stimuli, and temperature but also to
irritating and noxious chemical stimuli. Pungent, tickling, tingling, stinging,
burning, cool, warm, and painful sensations such as those of ammonia, menthol,
peppermint, eucalyptol, or carbon dioxide are mediated by the trigeminal nerve.
Menthol (Fig. 5.13)is perceived in the nasal cavity as cold at lower concentrations
and hot at high concentrations. Mustard oil (allyl isothiocyanate), onion (con-
taining diallyl sulfide), hot Chile powder (capsaicin; Fig. 13.1), and mace spray
(capsaicin) also stimulate the trigeminal receptors. In humans, the trigeminal
nerves plays an important part in chemoreception.

In birds, the trigeminal nerve appears to play a role in food selection. Starlings
more easily accepted commercial feed treated with otherwise avoided coniferyl
benzoate after bilateral section of the ophthalmicbranch of the trigeminal nerve.
Therefore, the trigeminal nerve may help to protect the animal by detecting
plant defense compounds. Many of these compounds are astringent or irritat-
ing (Jakubas and Mason, 1991).
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Blocking trigeminal input by subcutaneous injections of capsaicin does not
critically affect perception of olfactory or taste stimuli in starlings (Mason
etal., 1987a). Yet, the trigeminal nerve may interact with the olfactory system in
perceiving stimuli: patients with unilateral destruction of the trigeminal nerve
report a lower intensity of the odors of propanol and butanol for the impaired
nostril than for the intact one (Cain, 1978). Trigeminal signals may add a painful
or irritating note to food. At low levels, substances stimulating the trigeminal
nerve may actually enhance the flavor of foods, as do carbon dioxide in soft
drinks, capsaicin in hot peppers and sauces, acetic acid in vinegar, and allyl-
isothiocyanate in mustard (Rozin and Schiller, 1980).

5.2.4 Septal organ of Masera

The septal organ is a small patch of sensory epithelium on the wall of
the septum, in the anterior part of the nasal cavity, and ventral to the olfac-
tory epithelium. It is found primarily in rodents, has chemical receptors sim-
ilar to olfactory receptors, and is sensitive to volatile odorants. It projects into
the main olfactory bulb, but not into the accessory olfactory bulb (Pedersen and
Benson, 1986). Because of its “forward” location, the septal organ may serve asan
“early-warning system” that arouses resting or sleeping animals when volatiles
are present (Wysocki, 1989).

5.2.5 Nervus terminalis

Lesioning of the terminal nerve system in hamsters disrupts mating
behavior (Demskiand Northcutt, 1983; Wirsigand Leonard, 1985). The terminal
nerve is probably the sole source of all brain neurons containing gonadotropin-
releasing hormone (Schwanzel-Fukuda and Pfaff, 1989).

5.2.6 Taste

In fish, both taste and olfactory stimuli are waterborne. However, taste
involves the seventh, ninth or tenth cranial nerves, in contrast to the first cranial
nerve for smell. Elasmobranchs have their taste buds in the mouth and pharynx,
butin bony fish they occur around the gills, on barbels and pectoral fins, and also
scattered over the rest of the body surface. They crowd particularly in the roof of
the mouth, forming the palatal organ. The taste receptor cells are arranged as a
bundle to form a taste bud. Like other vertebrates, fish have receptors for sweet,
sour, salty, and bitter. For instance, goldfish reject quinine-treated food pellets
(Jobling, 1995). Many fish species are particularly sensitive to acidic taste char-
acteristics. The responses of fish to amino acids will be discussed in Chapter 12.
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In addition to taste buds, many fish have solitary chemosensory cells, which
resemble taste sensory cells and are distributed over the whole surface of the fish
body. Some play a role in food detection, while in other species they appear to
help in detecting predator chemicals (Jobling, 1995).

Among the rest of the vertebrates, many social, sexual, or feeding stimuli
are non-volatile. Contact with the material is necessary, and animals typically
sample by licking. Licking often is one step in a sequence of responses, as in
male ungulates’ sampling of female urine. Here the animal first smells, then
approaches and licks the urine before it exhibits flehmen, thought to serve
in moving an odor sample to stimulate yet another chemical sense organ, the
VNO. Some authors assume that taste contributes little to the perception of
pheromones (Wysocki, 1989).

Structure

Taste receptors on the mammalian tongue occur in three different
papillal types: fungiform, foliate, and circumvallate. The pinkish fungiform
papillae are located around the edge of the tongue and can be visualized with
milk or food color. There are approximately 12 circumvallate papillae arranged
in a V shape at the back of the tongue. Finally, the foliate papillae lie in small
grooves on the side of the rear of the tongue. One papilla will contain as few
as two to five taste buds or as many as 200. Each onion-shaped taste bud in
turn contains 50-100 receptor cells. Taste receptors have microvilli, like the
vomeronasal receptors. The five types of cell mediate sweet, sour, salty, bitter,
and umami (meaty, savory) sensations. (Umami is the taste of glutamate, one of
the 20 amino acids making up proteins in meat, fish and legumes. Monosodium
glutamate is a food additive.) Each taste bud has an opening, the taste pore,
through which the microvilli of the taste cells reach out into the coat of saliva.
Food chemicals, called tastants, are dissolved in saliva. The often-published
“map” of the tongue with a neat geography of receptors segregated by taste
quality is considered outdated. Taste buds in all areas of the tongue can respond
to all taste qualities (Smith and Margolskee, 2001).

Function

Molecular events at taste receptors

After the saliva has carried the tastants into the taste bud, they inter-
act with the taste receptors on the surface of the cells, or with ion channels,
which are pore-like proteins. Salty and sour tastants act through ion channels,
and sweet and bitter sensations are mediated by surface receptors. The differ-
ent taste submodalities rely on specific mechanisms: Na* flux through Na*
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channels accounts for salty taste; sour taste results from H* blockade of K* or
Na* channels; and bitter and sweet rely on G-protein mechanisms, involving
the G-protein subunit gustducin, which resembles transducin, known to trans-
duce light signals into electrical impulses in the retina (McLaughlin et al., 1993).
Genetically engineered mice with defunct gustducin do not distinguish between
sweet and bitter (Wong and Gannon, 1996).

The sweet, sour, salty, and bitter primary tastes are thought to serve nutrition,
pH levels, ion balance, and protection from toxins, respectively. Bitter receptors
deserve a closer look. Far from mediating only a general “bitter” sensation, taste
cells on the rat’s tongue can distinguish different bitter compounds. The fam-
ily of bitter receptors consists of 50 to 100 related proteins. Individual taste bud
cells express the genes for most of these receptors. This, at first, suggested thata
cell would fire when stimulated by any of a great number of bitter compounds.
However, 65% of the cells responded to only one of five different bitter com-
pounds tested. About 25% responded to two compounds, and only 7% to three or
more. (The cells’ activity was monitored visually by fluorescence, which detected
the release of Ca?* inside the receptor cell [Caicedo and Roper, 2001]). In short,
different taste cells appear to be tuned to different bitter compounds. They may
be specialist cells rather than generalists. This specificity, though, seems to be
at odds with the fact that one cell has so many different receptor types. As soon
as many more than the five bitter compounds have been tested, we will know
whether the taste cells are more generalist than appears now.

Central processing of responses

Researchers have oscillated between emphasizing specificity of neu-
rons (“labeled lines”) and responses to a spectrum of tastants by one cell. More
recently, patterns of activation of a number of sensory cells are favored for cod-
ing specific taste sensations (Smith and Margolskee, 2001). Neural distinction
of different tastes requires simultaneous activation of different cell types. The
brain receives a single channel of information, simply “bitter” for a number of
different compounds.

5.3  Structure-activity relationships
5.3.1 Receptor cells: generalists and specialists

Fish have receptor cells specific for certain compounds. Examples are
the reception of the fish toxins tetrodotoxin (TTX) and saxitoxin (STX) by rain-
bow trout, Salmo gairdneri, and Arctic charr, Salvelinus alpinus. Both toxins are
extremely potent taste stimuli. Not only are the receptors extremely sensitive
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to these compounds (Section 5.5), but specialized receptor cells appear to exist.
Cross-adaptation experiments showed that the receptor(s) for TTX are probably
distinct from those that detect amino acids and bile salts. Further, TTX and STX
do notshare the same receptor populations. The extreme sensitivity of these fish
probably protects them from ill effects by poisonous prey (Yamamori et al., 1988).

Since prostaglandins serve as fish pheromones, specific receptors for these
compounds have been searched for. Of 12 prostaglandins tested with Arctic
charr, six gave clear electro-olfactogram responses at a concentration of under
10~8mol/l. The threshold for the two most potent compounds, prostaglandin
F,, and its synthetic analogue dimethyl prostaglandin F,,, was 10~** mol/l.
The concentration-response curve on a semilog graph gave a typical sigmoidal
shape, saturating at 5 x 10~3mol/l. This suggests a single receptor type. The
receptors are highly stereospecific. If the stereochemistry of the chemical bond of
the hydroxyl group at C-9, C-11, or C-15 is changed, the receptor affinity for the
compound is reduced by more than two log units. High species specificity was
observed: lake char (Salvelinus namaycush) are also sensitive and show specificity,
but none of the prostaglandins tested were active in rainbow trout (0. salvelinus
mykiss) and brook char (S. fontinalis) at the concentration of 10~® mol/l (Sveinsson
and Hara, 1990).

5.3.2 Stimulus generalization and generalist receptors

How specific are the responses to certain compounds? Will slight
changes in the size, shape, or functional groups of the molecule render it unrec-
ognizable for a certain response?

The methods to investigate the specificity of behaviorally active compounds
include spontancous responses of untrained animals and discrimination tests, where
adiscriminated stimulus is substituted by another closely related compound to
detect the degree of generalization from one stimulus to another. In field studies,
the first is the method of choice.

An example for stimulus generalization are responses of rats to stress-
inducing odors. Laboratory rats of the Wistar strain respond to predator odors,
specifically mercapto compounds in fox droppings, with stress reactions, for
example avoidance behavior such as “freezing” and increased plasma cortico-
sterone concentrations (Vernet-Maury et al., 1984). The rats were trained to
avoid water scented with a mercapto odorant that contained both a keto- and
a sulfhydryl group (4-mercapto-4-methyl-2-pentanone). As the animals licked
a waterspout, a mild electric shock was applied to their tongue. When differ-
ent compounds were tested thereafter, the rats avoided compounds with similar
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FIGURE 5.14 Stimulus generalization. Rats that experienced electric shocks
when drinking water laced with compound 1, later also avoided compounds 5 and
6, which are structurally similar. The keto group was not necessary for the effect.
See text. (After Fombon and Polak 1987.)

structure containing the sulfhydryl group, but the keto group was not essential
for the effect (Fombon and Polak, 1987; Fig. 5.14).

Other examples of stimulus generalization are the alarm chemicals in sala-
manders (Mason and Stevens, 1981a) and behaviorally irrelevant pure odors
(Braun and Marcus, 1969).

5.4  Neural pathways and decoding

The long-held dichotomy of “macrosmatic” and “microsmatic” verte-
brates is no longer tenable. Neuroanatomists had assumed that taxa with rela-
tively few olfactory receptor cells and small olfactory bulbs would also be infe-
rior in olfactory performance (threshold and number of compounds detected)
to those with more receptors and larger bulbs. However, we now know from
single-cell recordings that a particular receptor cell type can respond to a wide
range of odor compounds that share certain features. Keverne (1983) pointed
out that the olfactory bulbs act as a filter, while more complex pattern analysis
takes place in the neocortex. The more evolved the neocortex, as in primates, the
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greater the potential for decoding olfactory messages. We now know that birds,
cetaceans, and primates, formerly considered “microsmates,” command impres-
sive chemoreception.

Many vertebrate odors consist of several to many components. How mammals
in particular process and use information coded in such mixtures of odorants is
still not clear. One experiment posed the question “do rats discriminate com-
plex odors by recognizing unshared components, or do they treat such odors
as gestalten, i.e. in a ‘unitary fashion’?” Rats were trained to distinguish three-
component odors (ABC versus ABD) by rewarding them at one of the odors with
water. They did not recognize compounds C or D when each was presented alone.
Also, the rats treated the mixtures AC or AD (two-thirds of original mixtures) as
novel odors, with no evidence that they remembered these from the ABC and
ABD combinations. This indicates that the animals treated complex odors as
units, or “gestalts.” However, inclusion of a previously learned one-compound
odorintoamixture changed learning of that odor: Inadifferent experiment, rats
were preexposed on day 1 to compounds X and Y. X was rewarded (X+), Y was not
(Y—). The following day, this group and a not preexposed group were tested with
mixtures ABC+ (rewarded) and ABX— (not rewarded). The preexposed animals
were slightly slower in learning this reversal from the originally rewarded com-
pound X to one to be avoided (as part of a mixture). This shows that the single
compound was remembered in some form (Staubli et al., 1987).

5.5 Odor detection thresholds

The odor sensitivity of an experimental animal needs to be known to
appreciate communication distances and performance, but it is not easily meas-
ured. The detection threshold has to be distinguished from the recognition threshold.
The former is the concentration at which an odor is noticed, and the latter —
typically much higher - the concentration at which behavior tests in animals or
verbal responses in humans show that the odor has been recognized as a specific
signal, compound, or mixture.

5.5.1 Fish

Eels, Anguilla anguilla, are extremely sensitive to odors. Their detection
threshold for g-phenylethyl alcohol lies at the unbelievable concentration of
3 x 10~'¥mol/l. This corresponds to 1ml of this alcohol diluted in 58 times
the volume of Lake Constance (80km long) in southern Germany where these
experiments were performed. It has been calculated that only three molecules
are in the olfactory sac at any one time (Teichmann, 1957, 1959). Coho salmon
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detect morpholine in water at a concentration of 1 x 107 mg/l (Hassler and
Kucas, 1988).

Rainbow trout (S. gairdneri) and Arctic char (S. alpinus) are extremely sensitive
to TTX and STX. Electrophysiological recordings from the palatine (seventh
cranial) nerve showed that the rainbow trout’s threshold concentration of TTX
is 2 x 10~7mol/l. At 10> mol/l the response is still four times as strong as
that to 107> mol/l of L-proline, the most potent amino acid for this species. The
threshold for STX is lower (108 mol/l), but the response reached its maximum
at 10-°mol/l. Arctic char also had a lower threshold for TTX (108 mol/l) than
STX (107 mol/l). The response magnitude never exceeded that of 10~ mol/l for
L-proline. Such a highly sensitive gustatory receptor system is probably effective
in protecting predatory fish from the effects of toxins of their prey (Yamamori
etal., 1988).

Young (2-3 months old, 80-120mm long) Russian, Siberian, and stellate
sturgeons (Accipenser gueldenstaedtii, A. baeri, and A. stellatus) had a threshold of
0.001 mmol/l for 19 amino acids (Kasumyan, 1994).

Thresholds of the olfactory receptors of male goldfish are 35 pg/ml water
for the prostaglandin F,,, and 100 times less for its 15-keto-derivative. The
males’ receptor threshold for 17,20-progesterone (from females) is “a tiny frac-
tion of 1 pg/ml water.” Three grams (one teaspoonful) would provide an above-
threshold stimulus when diluted in 500 x 500 x 500 m water (Bjerselius and
Olsen, 1993). In lampreys, testosterone from males attracts females at a con-
centration of 29 pg/ml water but urine with a testosterone concentration of
29 x 10~* pg/ml is active! (Adams et al., 1987).

The threshold for amino acids can vary with the hunger level. Hungry sable-
fish, Anoplopoma fimbria, have a lower threshold (1.4 x 10~'* mol/l) than satiated
fish (4.4 x 10~ mol/l) (Lekkeborg et al., 1995).

5.5.2  Amphibians and reptiles

Behavioral thresholds for n-butyl acetate and n-butyl alcohol in the tiger
salamander (Ambystoma tigrinum) were 8.9 x 107> and 6.7 x 107> mol/l, respec-
tively (Masonand Stevens, 1981b). The threshold for amyl acetate has been meas-
ured as 10~*mol/l in frogs and 10~” mol/l in turtles (Enomoto et al., 1992).

5.5.3 Birds

Since we now know that birds rely on odors in a variety of contexts,
we are interested in how sensitive they are to odorants and how their olfac-
tory performance compares with mammals. Birds’ sensitivity has been meas-
ured in different ways: behavioral thresholds differ from electrophysiological
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thresholds and can be either spontaneous or experimentally conditioned. The
latter pushes an animal more to its limits.

Foraging turkey vultures, Cathartes aura, find carcasses by smell. Behaviorally
measured, turkey vultures are about as sensitive to ecologically relevant odor-
ants of carcasses as pigeons are to heptane, hexane, pentane, and amyl acetate,
commonly used odorants (Smith and Paselk, 1986). (According to Henton et al.,
[1966] the behavioral thresholds of pigeons ranged from 0.1 to 39.7 ppm). The
carrion odorants tested were butanoicacid (BA), ethanethiol (ET), and trimethyl-
amine (TMA): BA has the odor of rancid fat and is a byproduct of decomposi-
tion of fat, carbohydrates, and protein; thiols, including ethanethiol, are formed
from the breakdown of sulfur-containing amino acids (they are also used to give
natural gas an odor); and TMA has a fishy odor and is released during decompo-
sition of muscle tissue. Both BA and ET elicited olfactory responses in turkey vul-
tures (Stager, 1964). The thresholds measured by Smith and Paselk (1986) were
1 x 10~°mol/l for BA and ET, and 1 x 105 mol/l for TMA. However, a turkey
vulture should smell it only from 0.17 m above a carcass, as estimates of concen-
trations near carrion have shown. The threshold needed to detecta carcass from 3
to 60 m altitude would lie between 1 x 1071 and 1 x 10~ 2 mol/l orders of mag-
nitude lower than actually observed in vultures. The detection rate would be 1 to
20 moles per day. For comparison, humans detect BA and ET at a concentration
of 1 x 10~ mol/l.

Brown-headed cowbirds (Molothrus ater) can discriminate ethyl butyrate and
s-limonene, as evidenced by cardiac conditioning. Furthermore, they discrimi-
nate among concentrations of ethyl butyrate. To discriminate the two odorants,
vapor saturation must be at least 0.6%. This suggests that for ethyl butyrate the
discrimination sensitivity isatleast 1.9 x 10'* molecules/ml, or 0.76 ppm (Clark
and Mason, 1989).

Electrophysiologically measured thresholds for butanoicacid and ethanethiol
in Manx shearwater (Puffinus puffinus) and black-footed albatross (Diomedea
nigripes) are aslow as 0.01 ppm (Wenzel and Sieck, 1966). More electrophysiologi-
cal thresholds for some compounds in tree swallows and cedar waxwings (Clark,
1991), starlings (Clark and Smeraski, 1990), and brown-headed cowbirds (Clark
and Mason, 1989) are listed in Table 5.4.

5.5.4 Mammals

The most celebrated mammalian olfactory detector is the dog’s nose.
As a predator, the dog locates its prey by “air scenting” (following a gradient
of airborne odors) and tracking. Practitioners are familiar with the extreme
olfactory sensitivity of the dog. The detection threshold for butyricacid has been
determined as 9 x 10® molecules/cm® air (Neuhaus, 1953). Considering that
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Table 5.4 Thresholds for odorants in birds, obtained by behavioral, cardiac, and
electrophysiological techniques

Species Compound Threshold (ppm) Reference
Manx shearwater Amyl acetate, 0.01 Wenzel and Sieck, 1966
Puffinus puffinus trimethylpentane
Black-footed albatross ~ Amyl acetate, 0.01 Wenzel and Sieck, 1966
Diomedea nigripes trimethylpentane
Turkey vulture Butanoic acid 1.0(1.01 x 10~®mol/l) Smith and Paselk, 1986
Cathartes aura Ethanethiol 1.0(1.0 1 x 10~®mol/l)
Trimethylamine 1.0(1.01 x 10->mol/l)
Domestic fowl Gallus Heptane 0.31-0.57 Stattelman et al., 1975
gallus Hexane 0.64-1.00
Pentane 1.58-2.22
Pigeon Columba livia Heptane 0.29-0.38 Stattelman et al., 1975
Hexane 1.53-2.98 Henton, et al., 1966
Pentane 16.45-20.76 Snyder and Peterson,
Amyl acetate 0.31-29.8 1979
Ethanethiol 10080
Butanethiol 13825
Northern bobwhite Heptane 2.14-3.49 Stattelman et al., 1975
Colinus virginianus Hexane 3.15-4.02
Pentane 7.18-10.92
Black-billed magpie Ethanethiol 8400 Snyder and Peterson,
Pica pica Butanethiol 13416 1979
Starling Sturnus Cyclohexanone Varies seasonally (0.3% Clark and Smeraski,
vulgaris vapor sat. [3.778 x 1990
10 molecules))
Tree swallow Cyclohexanone 73.4-317.8 Clark, 1991
Tachycineta bicolor
Cedar waxwing Cyclohexanone 6.8-86.46 Clark, 1991
Bombycilla cedrorum
Brown-headed Ethyl butyrate 0.76 Clark and Mason, 1989

cowbird Molothrus
ater

the number of olfactory receptor cells in dogs ranges from 125 to 225 mil-
lion, there would be one molecule of odorant for every 82 sensory receptors,
on average, if all molecules reached the olfactory epithelium. In reality much
fewer molecules reach the epithelium and it was concluded that olfactory recep-
tor cells may respond to only one molecule (Neuhaus and Miiller, 1954). Of
six fatty acids tested, ranging from acetic acid (C,) to caprylic acid (Cs), dogs
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FIGURE 5.15 Detection thresholds for fatty acids in dogs (a) and humans (m).
Both species are most sensitive to butyric acid (C,). (From data in Neuhaus, 1953.)

were most sensitive to butyric acid (C,) (Fig. 5.15). Thresholds were higher
for fatty acids with lower or higher chain lengths. Humans showed the same
V-shaped threshold curve (Neuhaus 1953). However, compared with humans,
dogs (beagles) were found to be 300 times more sensitive to amyl acetate (Krestel
et al., 1984), and 1000 to 10000 times more sensitive to a-ionone (Marshall
and Moulton, 1981). Laboratory rats proved more sensitive than humans to
n-propanol (8-fold), benzaldehyde (10-fold), cyclohexanone (10-fold), isobutyl
n-butyrate (30-fold), and n-heptanol (50-fold) (Laing, 1975).

Thresholds can vary between and within individuals, with the estrus cycle,
and with the chemical background. Some benchmarks will be given here. In
laboratory (Wistar) rats, the olfactory detection threshold for ethyl acetate was
measured as 7.3 x 107° vol% in subadults, while adult rats were more sensi-
tive (1.4 x 107> vol%) (Apfelbach et al., 1990). (By comparison, among insects the
gypsy moth is 103 times as sensitive. The threshold for bombykol, defined as
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the concentration at which 50% of the males fan their wings, was approximately
1 x 1078 g/cm? air).

Neotropical bats (Desmodus rotundus, Artibeus literatus, and Phyllostomus discolor)
are very sensitive to butanoic acid: their detection threshold lies between 1.5 x
107 and 1.5 x 10~'* mol/l (Schmidt, 1975). The short-tailed fruit bat (Carollia
perspicillata) has detection thresholds for 18 odorants ranging from 3.6 x 103
t0 2.7 x 10 molecules/cm? air. The animals were most sensitive to fruit-typical
compounds such as ethyl butyrate (5.4 x 10'°molecules/cm?), #-pentyl acetate
(2.8 x 10'°molecules/cm?), and linalool (1.8 x 10 molecules/cm?), suggesting
nutritional specialization of chemoreception (Laska, 1990). The bats increased
their respiration rate from a basal rate of 2-4 Hz to as much as 12 Hz when con-
fronted with an odor of high concentration.

A complex biologically relevant odor, such as that of a fruit for fruit bats,
may require fewer molecules overall for detection than each of its single compo-
nentsalone (Laskaezal., 1990; Laska and Hudson, 1991). Vampire bats (Plasmodus
rotundus) have a threshold of 1.5 x 107 mol/l to 1.5 x 10~ mol/l for butanoic
acid (Schmidt, 1975). Similarly, subthreshold amounts of two or more single
compounds may become noticeable when mixed together. Dogs responded to
mixtures of subthreshold concentrations of butyric plus isovaleric acids and of
butyric plus n-caproic acids (Neuhaus 1956a).

Some biologically relevant smells may have two “functional thresholds,” the
higher one resulting in a qualitatively different odor. For instance, geosmin in
high concentrations smells like “musty basement” or “soil,” in low concentra-
tion like “beets.”

In some mammals, the sexes differ in their odor thresholds. The sow detects
the boar pheromone androstenone (Sa-androsten-16-en-3-one) easily at 3.67 x
10—3 mol/l, while this concentration is near or below the threshold for boars.
Boars initially could not detect the odor at all but became more sensitive after
repeated exposure (Dorries et al., 1991).

Humans may be programmed to be more sensitive to natural food contam-
inants. For instance, (—)geosmin (trans-1,10-dimethyl-trans-9-decalol) occurs
in earth, natural surface water, and in foods in contact with soil or water,
such as beets, clams, or fish. Geosmin is a microbial, fungal, or algal metabo-
lite. It is a water pollutant and off-flavor compound. The naturally occurring
(—)enantiomer has a threshold 11 times lower than the (+) enantiomer (Polak
and Provasi, 1992).

Humans are extremely sensitive to hydrogen sulfide, most likely as a danger
signal. The recognition threshold lies at 0.00047 ppm (vol) (cited in Cain, 1978).
Only 40 molecules of methyl mercaptan, distributed over several receptors,
sufficed for detection (cited in Harborne, 1993).



5.6 HORMONAL INFLUENCES ON CHEMORECEPTION

The thresholds of human subjects can vary over minutes, hours, or days as
much as between individuals. Therefore, measured interindividual thresholds
may reflect nothing more than having been recorded at different levels of these
sensitivity fluctuations (Stevens et al., 1988).

Considering the biologically important 16-androstenes, humans are most
sensitive to 5a-androst-16-en-3-one (threshold: 0.2 ppb). The detection thresh-
old for 4,16-androstadien-3-oneis 1.0 ppb and that for 3a-androstenol is 6.2 ppb
(Amooreetal., 1977).

Odor thresholds in humans appear to be more influenced by the environment
than genetics. The detection thresholds for aceticacid, isobutyricacid, and cyclo-
hexanone varied as much in monozygotic twins as in fraternal twins. Instead,
smoking and diabetes were related to lower olfactory sensitivity, and body fat-
ness and alcohol consumption to greater sensitivity to the latter two compounds
(Hubertezal., 1980).

Thresholds are affected by the complexity of an odor. In tests with mixtures
of 3,6, and 12 compounds, human subjects varied less from one another in their
thresholds the more complex the odor was. The same trend was observed within
individuals (Laska and Hudson, 1991).

In general, perceived odor intensity is a power function of the odor concen-
tration. The exponent is below 1, meaning that boosting the perceived inten-
sity requires increasingly more odor production. As odor production becomes
more and more costly, fine-tuning of chemoreception (instead of odor produc-
tion) becomes the more attractive alternative evolutionarily.

5.6  Hormonal influences on chemoreception

Sensory performance often varies between the sexes and with different
stages of the reproductive cycle. In humans, females outperform males at all ages
(Doty, 1981; Doty et al., 1984). Even infants show this difference: at 2 days old,
girls could discriminate cherry from ginger odor, but boys could not (Balogh and
Porter, 1986).

Olfactory thresholds also vary with the ovarian cycle. Women are most sen-
sitive to odors around the time of ovulation, when estrogen levels are high-
est, and less sensitive to odors during menstruation. This may have sensory-
physiological reasons. During menstruation the mucus layer on the olfactory
epithelium is thicker and more likely to trap molecules, while the thin mucus
layer at the time of ovulation renders the receptors more accessible. The thick-
ness of the mucus layer, in turn, is controlled by testosterone and estrogen (Mair
etal., 1978).
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Sex differences in olfactory performance have been described for many mam-
mals, implying hormonal differences. In domestic cats, as in other species, males
typically perform flehmen in response to conspecific urine. But spayed females
can be stimulated to show flehmen by administering testosterone. If paired with
estrogen-treated females, they frequently inspect the genital area of the female
partner and subsequently exhibit flehmen. Males flehmen in 80% of the time to
either female or male urine that is applied to the naso-oral surface. Testosterone-
treated females flehmen to 90% of the male urine samples, and to 70% of those
from females (Hart and Leedy, 1987).

Males also depend on testosterone for olfactory performance. If in ham-
sters testosterone is converted to estrogen by subcutaneous silastic implants
of the aromatase inhibitor 1,4,6-androstatriene-3,17-dione, their sexual sniff-
ing decreases. They sniff less toward novel females and no longer discriminate
between males and females (Steel and Hutchinson, 1987). Castration affects odor
detection performance in male rats (Doty and Ferguson-Segall 1989).

Central norepinephrine modulates systems that regulate the attraction to con-
specific odors in the rat. A noradrenergic neurotoxin (DPS4), lowers the level
of norepinephrine in the olfactory bulb, the olfactory cortex, and frontal cor-
tex. When given to male rats, their response to odors from females is impaired:
while sexually experienced, intact males are attracted to pine shavings from the
nest of a female and her litter, males treated with DSP4 are not attracted. Fur-
thermore, while normal males enter a chamber with pup-scented shavings more
oftenif odor from anesthetized females is added, males treated with DSP4 do not
respond in this way (Cornwell-Jones et al., 1988).

Hormonal events around parturition affect olfactory interactions between
mother and offspring. Expulsion of the fetus is followed by liberation of oxy-
tocin in the brain. The oxytocin level rises also in the olfactory bulb. This sug-
gests that oxytocin modulates olfactory processing at the level of the olfactory
bulbs (Kendrick et al., 1988). Vaginal stimulation during birth increases nor-
adrenergic activity, especially in the olfactory bulb (Kendrick et al., 1988), pos-
sibly resulting in olfactory memory (Rosser and Keverne, 1985). Evidence for a
noradrenergic influence on bulbar neural networks during parturition comes
from studies with rats. If a female rat’s central noradrenergic projection to
the olfactory bulb is experimentally lesioned prior to parturition, cannibalism
will result, but not general anosmia or gross impairment of maternal behavior
(Dickinson and Keverne, 1988).

5.7 Chemoreception and age

Humans perform at their olfactory best during the third to fifth decade
of life. A marked decline occurs after the seventh decade. Over 50% of people
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aged from 65 to 80 years have major impairments. In one study, 75% of subjects
80 years of age or older suffered such loss. The gradual loss of sensitivity to odors
is responsible for frequent complaints by the elderly that food lacks flavor. The
elderly are also disproportionally often poisoned by household gas (Doty et al.,
1984).

Aging does not necessarily affect the process by which overall intensity in
different sensory modalities is determined. Young people (18 to 21 years) and
older people (61 to 94 years, average 74.5 years) differed in their magnitude
estimations of almond odor and almond taste. However, they did not dif-
fer when presented with the taste of sucrose or the visual task of estimating
the length of a line (Enns and Hornung, 1988). Likewise, young and old did
not differ in their magnitude estimations for odor of lime (Stevens and Cain,
1985).

5.8 Interaction between chemical senses
5.8.1 Olfaction-vomeronasal organ interaction

Male mice learn about female cues. In the presence of females, a male
emits ultrasonic vocalizations. These vocalizations become less frequent after
extirpation of the VNO. The more experience a male has had with females, the
smaller the deficit he suffers. The learning is mediated by interaction between
the main olfactory system and the accessory olfactory system: after vomeronasal
deprivation, olfactory cues maintain the behavior (Wysocki et al., 1986).

5.8.2 Odor—taste interactions

Odorants and tastants in foods interact in complicated ways. For
instance, strawberry odor enhances the sweetness of whipped cream, while
peanut butter odor does not, and strawberry odor did not enhance the saltiness
of sodium chloride (Frank and Byram, 1988).

The best investigated odor-taste interactions occur in conditioned flavor aver-
sions. Tastes that precede a delayed food-related illness are often avoided after
only one experience. Odors are not avoided under similar conditions. However,
if taste and odor are presented together before the “malaise,” animals will avoid
odor when encountered later by itself. Taste affects odor, but not vice versa. If
only the taste intensity is increased, both taste and odor aversion increase. Con-
versely, if only the odor stimulus is increased, only the odor aversion increases
(Garciaetal., 1986).
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5.8.3 Olfaction-trigeminus interactions

Interactions of trigeminal fibers and olfactory chemoreception have
been extensively studied. In frogs, trigeminal fibers lead into the olfactory
mucosa. The trigeminal system could thus modulate olfaction peripherally as
well as centrally. Indeed, antidromic electrical stimulation of the ophthalmic
branch of the trigeminal nerve evokes slow potentials in the olfactory mucosa,
modifies the activity of receptor cells,and modulates responses to odors. Trigem-
inal stimulation by odorants might trigger local axon reflexes that induce the
sensory neurotransmitter substance P, which, in turn, elicits electrical responses
in the mucosa (Bouvet et al., 1989). Blocking trigeminal input by subcutaneous
injections of capsaicin does not critically affect perception of olfactory or taste
stimuli in starlings (Mason et al., 1987a).

An interaction between “main olfaction” and the trigeminal somatosensory
system has been proposed to facilitate “directional smelling.” For carbon diox-
ide and menthol, human subjects were able to tell the odor direction in 96% of
cases, while the results for hydrogen sulfide and vanillin were random (Kobal
et al., 1989). Rats can discriminate odor direction in one sniff (Rajan et al.,
2006).

5.8.4 Chemoreception and other sensory modalities: mammals

Chemical cues often have to be accompanied, preceded, or succeeded by
visual, auditory, or tactile stimuli for appropriate behavior to occur. Bats, for
example, use both olfactory and acoustic information for individual recognition
(Kunz, 1982).

Visual cues can help in the detection of a scent mark in the first place. This
may be accomplished in different ways. An animal may use a visually promi-
nent natural landmark for scent marking, such as a rock, stump, or root along a
frequently traveled trail. Other species produce their own visually conspicuous
support for a scent mark. Carnivores, such as otters (Lutra sp.), use feces, called
spraint, as carrier for secretion from the anal gland (Chanin, 1985). Beaver, Castor
sp., have carried this behavior one step further. They build a platform for their
scent mark by dredging up mud from their pond and depositing it on the bank.
This scent mound is marked with secretion from the castor sacs and anal glands.
Finally, the scent mark itself may be visually conspicuous, as that of the brown
hyena, Hyaena brunnea. During scent marking, the two lobes of its anal glands
produce white and black secretion in succession. This results in a bicolored scent
mark onablade of grass that has the black partabove the white one and separated
from it by 1cm (Kruuk, 1972; Fig. 6.7).
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Relatively non-volatile materials such as the proteins (10-30kDa) and lipids
in the femoral gland secretion of desert iguanas, D. dorsalis, may strongly absorb
long-wave ultraviolet (300-500 nm). Desert iguanas actually locate scent marks
better under ultraviolet light (Alberts, 1989).

Numerous studies have addressed the relative importance of different senses
in modulating behavior. Mating behavior of domesticsheep is an example. Rams
use mostly vision for sexual activity but smell for seeking the partner. Odors are
important for distinguishing estrous from non-estrous ewes. In ewes, blindfold-
ing interfered with seeking rams (Fletcher and Lindsay, 1968).

One sense can be substituted for another in feeding behavior in sheep. Even
if smell, taste, and touch are impaired, sheep still show food preferences but
undesirable plants become more acceptable. However, the senses contribute spe-
cific information: flowering stems are not taken if smell only is impaired. It
is assumed that flowers have an attractive smell to sheep. Taste appears to be
important in discriminating fine- and broad-leave Dactylis glomerata (from dif-
ferent geographic areas). Finally, it is thought that the sense of touch is respon-
sible for the fact that brome grasses are always highly acceptable (Arnold, 1966).
Merino weaners learned from experienced adult sheep to eat wheat, a novel food.
They learned rapidly, even if one or two senses were impaired. Only weaners with
impairment of olfaction, vision, and hearing failed to eat wheat for all 5 days of
the experiment; weaners with no “teachers” also did not eat the wheat (Chapple
and Wodzicka-Tomaszewska, 1987).

Spiny mice, Acomys cahirinus, use all senses interchangeably in locating prey
(Langley, 1988). These are cases of “adaptive redundancy” at the level of the sen-
sory modalities. As is well known, deaf-blind humans use smell and taste more.
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Signaling pheromones I: discrimination
and recognition

My dear friend, the last time you were so good as to come and see me — for nobody comes
any more to see the wretched invalid Tam — I was obliged to take the chair you sat in and
keep it out in the courtyard for three days: it was impregnated with scent.

MARCEL PROUST, according to Léon Pierre-Quint, 1925

Optimus odor in corpore est nullus [The best body odor is none].
SENECA, Epistulae ad Lucilium, Epis CVIIL, 16.

Signaling pheromones are animal-produced, interindividual chemicals
that modulate behavior in conspecifics. Like visual and auditory signals, they
have comparatively rapid effects: exchange of signals takes seconds or min-
utes. (Priming pheromones [Ch. 8], by comparison, trigger slower endocrine or
developmental processes.) The pheromone concept, originally based on insects
(Karlson and Liischer, 1959), has been debated for vertebrates, notably mam-
mals (e.g. Beauchamp et al., 1976; Johnston, 2001). Often it is better to use the
term “body odors” to avoid particular assumptions. Now the term pheromones
is widely used for vertebrates, without any particularly narrow definition
implied.

A pheromone is functionally defined as a conspecific compound(s) that affects
a receiver. Sources such as urine or gland secretions typically contain many
compounds of which only some are pheromonally active. So in most cases, a
pheromone is more than a single compound and less than a secretion (“scent”),
it is rather a group of active compounds in a secretion or excretion that supply
information to, or change behavior in, another conspecific.

The following text discusses first the ability of animals to distinguish
and recognize other animals by odors without necessarily exhibiting spe-
cific behaviors and then the behaviors that are modulated by status signals.
Chapter 7 discusses the sexual and evolutionary implications of signaling
pheromones.



6.2 FAMILIAR VERSUS NON-FAMILIAR SOCIAL ODORS

6.1  Familiarization with environment and objects

Strange as it sounds, the absence of odor often serves as a power-
ful stimulis; unfamiliar and still unmarked objects or areas prompt vigorous
scent marking. This applies to many mammals, including ungulates, such as
pronghorn, Antilocapra americana (Miiller-Schwarze et al., 1972) rodents, such as
house mice, Mus musculus (Hurst, 1987), and carnivores (Kleiman, 1966).* For
example, pine martens, Martes martes, mark most consistently unmarked objects
and do not mark objects that already carry their own odor. It is concluded that
marking primarily serves familiarization.

In isolated male mice, own odor regulates the amount of urine deposited in
marking. If it is present, they mark less, while clean surfaces and also other
males’ urine trigger more frequent marking (Daumae and Kimura, 1986). In our
laboratory experiments, students are impressed by how a mouse stops at a clean
tile in the middle of a soiled open field. A “scent-the-habitat” function for odors
from both sexes has been assumed for the gland secretions in the brushtail pos-
sum, Trichosurus vulpecula, since no sex differences in chemical composition were
found (Woolhouse et al., 1994).

The “security blankets” of children belong in this context. Apart from tactile
stimuli, they also provide a familiar odor, particularly in strange surroundings.
Many children will not easily accept a familiar blanket, piece of cloth, or tat-
tered teddy bear that has been washed. A particularly inventive 3-year old boy
held a cloth toy close to his nose when tired or stressed. Asked why he did so, he
answered “to get the smell right” (Russell, 1983).

6.2 Familiar versus non-familiar social odors

Discrimination of familiar from unfamiliar social odors is widespread
among vertebrates. It serves for recognition and interaction with group (or
colony) members. Being familiar with other individuals not only reduces aggres-
sion but also may facilitate sexual behavior. Group members can be discrimi-
nated on the basis of familiarization with individuals; sharing common environ-
mental odors, such as those of nest or diet; “labeling” of one animal by another;
and sharing individual odors that result in a colony odor, as in sugar gliders,
Petaurus breviceps (Schultze-Westrum, 1965). These can combine into rather com-
plex body odors, determined by diet, maternal labeling, and genetic factors, as
for example in spiny mice, Acomys sp. (Porter et al., 1989).

! Animal names follow the original literature. Thus, the house mouse appears here variously as Mus
musculus, Mus musculus domesticus, or Mus domesticus. Retaining the original version may facilitate
searching the literature. “Charr” is Canadian for “Char.”
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6.2.1 Discrimination of own odor versus that of other conspecifics
Reptiles

Lizards have femoral glands that are more developed in males. The
secretion is proteinaceous, and its function is largely unknown. Desert iguanas
(Diposaurus dorsalis) probably use femoral secretion for advertising their home
range. Iguanas experimentally exposed to own secretion and that of a strange
male tongue flicked oriented toward their own tails in response to own secretion.
This may be “scent matching” of scent with “scent owners.” They marked primar-
ily their own secretion. This may indicate self-recognition (Alberts, 1992c). Blue-
tongued skinks (Tilique scincoides) also discriminate their own odor from that of
other conspecifics (Graves and Halpern, 1991).

Mammals

In male house mice, urine marks from other males trigger intensified
marking, while grouped male mice do not distinguish between own odor and
that of other males (Daumae and Kimura, 1986). The aboriginal house mouse
Mus spretus carries or pushes away fresh fecal pellets. Experiments demonstrated
that they recognize their own feces. Compared with fecal pellets of other con-
specifics of both sexes, these mice are more likely to remove their own and areless
likely to investigate them (Hurst and Smith, 1995). Mice (Mus sp.) avoid the odor
of mice from other groups. Here it is not necessary to be familiar with the odor of
the other group. Odors of mice from discontinuous, completely strange demes
are also avoided (Cox, 1989). In male mice, volatiles from feces of strange males
depress the heart rate more than volatiles from own feces (Goodrich et al., 1990).
In pine marten, M. martes, own scent marks reduced marking behavior, while all
other types of scent mark were marked in turn (deMonte and Roeder, 1990). Pine
martens did not respond differentially to familiar/unfamiliar martens, males
versus females, or other species such as stone marten or genets (deMonte and
Roeder, 1990).

6.2.2 Familiar individuals
Exposure to the odor of particular conspecifics can affect behavior toward
these individuals when encountered.

Birds

Antarctic prions (Pachyptila desolata) have a “musky” smell and appear to
use conspecific odors to recognize their burrow. These birds chose the odor of
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their breeding partner over that of another conspecific in Y-maze experiments
on the Kerguelen archipelago. They also preferred a conspecific’s odor to their
own, and the latter to “no odor” (Bonadonna and Nevitt, 2004).

Rodents

In meadow voles, Microtus pennsylvanicus, males are more aggressive
toward familiar males than unfamiliar ones, while females behave in the
opposite way: encounters between familiar females entail less agonistic behavior
and more “amicable acts” than those between unfamiliar females. This is true
for voles kept together or apart in the laboratory and also for voles caught in
the wild, whether they had been neighbors or lived at greater distances from one
another. In contrast to same-sex encounters, familiarity has no effect on male—
female interactions (Ferkin, 1988). Spiny mice (Acomys sp.) prefer to huddle with
familiar cagemates. They do not recognize each other if rendered anosmic by
treatment with zinc sulfate (Matochik, 1988).

6.2.3 The “dear enemy” phenomenon

Ecologically, female meadow voles are territorial, know their neighbors,
and are more tolerant of each other. They exemplify the “dear enemy” concept:
familiar neighbors reduce aggression toward one another because they pose less
threat to each other than newcomers without a territory, who might compete
for territory, mates, or resources. Males are dispersal prone, and neighbor rela-
tions are more ephemeral. Each male’s home range overlaps with those of several
females (Ferkin, 1988).

Eurasian beavers (Castor fiber) show the dear enemy phenomenon: they respond
more strongly (by destroying scent mounds and over-marking them) to experi-
mental scent marks from strangers than from neighbors. This is true for marks
containing either of the two beaver secretions castoreum or anal glands secretion
(Rosell and Bjgrkegyli, 2002). The dear enemy phenomenon is thought to be par-
ticularly adaptive in species that maintain multipurpose territories containing
the breeding site, mate, and food supply (Temeles, 1994).

Males of the Columbian ground squirrel (Spermophilus columbianus) sniff scent
marks from oral glands of non-residents longer than marks from residents.
However, they marked their own, neighbor’s, and strangers’ scent equally often
(Harris and Murie, 1982). Similarly, male woodchucks, Marmota monax, spent
more time investigating scent marks of strangers than those of neighbors (Meier,
1991). (In woodchucks, adults and juveniles of both sexes mark objects near their
burrows with their oral angle gland.)
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Preexposing rodents to the odor of a conspecific can alter the response to this
individual when it is again encountered later, compared with responses to con-
specifics whose odor is unfamiliar. For example, female brown lemmings, Lem-
mus trimocrunatus, were experimentally exposed to the odor of a male. These
females engaged in more contact social behavior with that now “familiar” male
than females who had experienced odor from a different male or none atall. The
males whose odor the females had experienced ejaculated more frequently than
males under the other two conditions (Coopersmith and Banks, 1983).

Female golden hamsters can distinguish individual males by the odors of their
flank gland secretion, urine, feces, and soiled bedding. Females were less aggres-
sive and showed more sexual behavior toward males whose odor they had been
exposed to before than to unfamiliar males. The preexposed females also had
larger litter sizes. Thus, familiarity with the odor of a particular male appears to
promote mating and enhance mating success (Tang-Martinez et al., 1993).

Carnivores

Urban feral cats of both sexes sniff marks of sprayed urine more if the
donor is a strange cat (from a different town) and respond least to the urine of
a familiar cat. Since one male roams over the territories of several females, it is
assumed that male-male competition has selected males that spray mark more
and respond more strongly to urine marks (Natoli, 1985).

Another example from carnivores is the odor of anal sac secretion in the ferret,
Mustela furo. Ferrets discriminate strange from familiar individuals by this odor.
(They also use anal sac secretion to distinguish males from females, a familiar
individual’s from own odor, and fresh from 1-day old odor, but not between fresh
and odor only 2 hours old nor anestrous from estrous females [Clapperton et al.,
1988)).

Bats

Female pipistrelle bats (Pipistellus pipistrellus) recognize familiar individ-
uals by scent. They preferred the odor of females from the same colony to that of
females from a different colony (deFanis and Jones, 1995).

Primates

Lemurs (Lemur fulvus and Lemur macacao) showed more interest in the
scent marks of familiar than unfamiliar individuals (Fornasieri and Roeder,
1992).
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Table 6.1 Kin recognition by chemical cues in vertebrates
Species Behavior Reference
Fish
Coho salmon Oncorhynchus Phenotype matching Quinn and Busack, 1985
kisutch
Rainbow trout Oncorhynchus Staying in odorized water current ~ Brown et al., 1993
mykiss
Amphibia
Polyphenic salamanders Eating parasitized prey Pfennig, 1997
Toad tadpoles Bufo americanus Negative response to non-siblings ~ Waldman, 1981
in Y-test
Cascade frog tadpoles Rana Naive tadpoles group with O’Hara and Blaustein, 1985
cascadae siblings; waterborne cues Blaustein and O’Hara, 1981
Mammals
White-footed mouse Peromyscus ~ Possibly by odor Grau, 1982
leucopus
Spiny mice Acomys cahirinus Associate with familiar siblings Porter, 1986
anosmics do not discriminate
13-lined ground squirrel Reduced social exploration when =~ Holmes, 1984
Spermophilus tridecemlineatus raised together
Beldings ground squirrel Phenotype matching Holmes, 1986
Spermophilus beldingi
Beaver Castor canadensis Differential response to scent Sun and Miiller-Schwarze, 1997

marks of relatives and strangers,
phenotype matching

6.2.4 Indirect familiarization

Mammals may become familiarized with one another by body odors,
without having direct contact. For instance, Columbian ground squirrels,
S. columbianus, show more-cohesive and less-agonistic behaviors toward unfamil-
iar non-colony members if they had experienced the odor of these individuals in
traps that had been used in both colonies (Hare, 1994).

6.3  Recognizing kin

Many questions in inclusive fitness theory turn on whether and how
animals distinguish genetic relatives from non-kin. Vertebrates, from fish to
humans, use odors, in addition to cues in other sensory modalities, to recog-
nize kin (Table 6.1). This recognition, in turn, may enable relatives to cooperate,
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resulting in kin selection, or to adjust reproduction, as in avoiding incest.
Generally, there are four kin recognition mechanisms that involve various sen-
sory modalities, including chemoreception (Fletcher and Michener, 1987).

1. Spatial cues: individuals from one common place are considered kin.

2. Familiarity: cues are learned during earlier association.

3. Phenotype matching: to recognize an individual as kin, it is not necessary to have
met it before. Instead, it can be recognized by cues shared with oneself or a
known related individual (also known as the “armpit effect”).

4. Recognition alleles: both expression of the identifying cue and the recognition
process do not rely on experience.

Tang-Martinez (2001) suggested that kin recognition possibly relies on only
one mechanism: “learning, particular associative learning and habituation” (i.e.
point 2 in this list).

6.3.1 Fish

Juvenile coho salmon, Oncorhynchus kisutch, recognize kin. This is con-
sidered to be advantageous for schooling, predator avoidance, and avoiding
inbreeding (Quinn and Busack, 1985). Whether fish recognize kin may depend
on how they were reared. In Arctic charr, Salvelinus alpinus, only fish that were
raised with siblings later preferred water scented by unknown siblings over
water from non-siblings. Charr raised in isolation do not discriminate the two
odors. Even when the isolated fish, at 15 months of age, are reared with siblings
for 50-62 days, they still do not discriminate sibling odor. Therefore, it appears
that in Arctic charr social experience during the first 15 months of life is neces-
sary for sibling preference (Winberg and Olsén, 1992; Olsén and Winberg, 1996).

The major histocompatibility complex (MHC) plays a role in kin recognition.
Arctic charr preferred water scented by a sibling of the same MHC (class II) type
over water from a sibling that differed in MHC type from themselves. The charr
did not discriminate in this way if they had been living in isolation since fertil-
ization. However, a sibling of a different MHC type was not distinguished from
a non-sibling that shared the MHC type of the responding fish. As the earlier
experiments, this confirmed the role of early learning in sibling recognition.
Arctic charr probably use MHC plus other odors, possibly based on the MHC
class I region, for kin recognition (Olsén et al., 2002a,b).

Striped bass, Morone saxatilis, juveniles develop in estuaries, notably Hudson
River and Chesapeake Bay. Juveniles school during the day but disperse and
feed at night. Schools provide the advantages of improved prey location, preda-
tor avoidance, and swimming hydrodynamics. How are the fish attracted to
each other? In Y-maze tests in the laboratory, juveniles are attracted to both
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familiar siblings and unfamiliar unrelated juveniles but they can distinguish
between familiar siblings and unfamiliar, unrelated juveniles, and prefer the for-
mer. This recognition is probably important as a simple mechanism to re-form
schools. Lost or disoriented individuals probably use a species-specific response
(Kelley, 1988).

Juvenile Atlantic salmon (Salmo salar) and juvenile rainbow trout (Oncorhynchus
mykiss) that live in kin groups fight less, thus saving energy and reducing the
risk of injury (Brown and Brown, 1993). Rainbow trout discriminate unfamil-
iar kin from non-kin, but not familiar from unfamiliar kin (Brown et al., 1993).
This appears to be an example of phenotype matching: kin have matching odors,
while kin and non-kin have not.

6.3.2 Amphibia

In tadpoles of the American toad, Bufo americanus, the prehatching envi-
ronment influences postnatal preferences. Tadpoles reared isolated from any
conspecifics, with siblings only, or exposed to both siblings and non-siblings dif-
fered in their later association with siblings in a test pool. The first and second
group preferred to associate with siblings, while the third did not prefer to asso-
ciate with siblings, unless they had been reared in sibling groups during early
development. The tadpoles reared in isolation from conspecifics discriminated
paternal, but not maternal half-siblings from full siblings (Waldmann, 1981).

6.3.3 Reptiles

Hatchling green iguanas, Iguana iguana, recognize kin by the odor of
their feces, but also by their body odor (Werner et al., 1987).

6.3.4 Non-human mammals

It has been known for a long time that certain rodents avoid mating
with siblings. This, for example, is true for European common voles, Microtus
arvalis (Frank, 1954). After living in isolation, adult common voles sniffed non-
siblings of the opposite sex more than siblings (Bolhuis et al., 1988). Similarly,
female house mice, M. musculus, prefer the smell of non-sibling males to that
of siblings or males of other strains. This has been interpreted as a sign of opti-
mal outbreeding (Gilder and Slater, 1978). Female prairie voles (Microtus ochrogaster)
spend more time investigating the anogenital and mouth region odors of non-
siblings than siblings. They also discriminate saliva and urine of non-siblings
from those of siblings. It is thought that examining one male more than another
may help in mate choice (Smaleetal., 1990). In the prairie vole (Gavish et al., 1984)

131



132

SIGNALING PHEROMONES I: DISCRIMINATION AND RECOGNITION

and the gray-tailed vole, Microtus canicaudus (Boyd and Blaustein, 1985), social
experience before weaning is necessary for incest avoidance to occur. Laboratory
mice choose their mates based on both relatedness and familiarity (Barnard and
Fitzsimmons, 1988). By cross-fostering, it is experimentally possible to “create”
“non-genetic” or phenotypic “kin” in laboratory mice (Kareem and Barnard,
1982) and deer mice, Peromyscus leucopus (Grau, 1982). Female laboratory mice
appear to avoid mating with close relatives by preferring genetically dissimilar
mates. Specifically, in one experiment, females chose males that were dissimilar
atthe MHC (Egid and Brown, 1989). This does not apply to members of the same
sex: female house mice prefer to nest with other females with whom they share
MHC genes (Manning et al., 1992).

In rats, nulliparous females kill unrelated young. Such infanticide is reduced
if these females are exposed to bedding soiled by a pregnant rat (Menella and
Moltz, 1989), an odor that also reduces infanticide by male rats (Menella and
Moltz, 1988).

How does kin recognition develop? Rats learn some kinship characteristics
(Hepper, 1983). Rat pups whose mother and siblings were rubbed with differ-
ent odors prefer the odor of their siblings when tested in a Y-maze (Hepper,
1987). But genetic factors also play a role. Rats can distinguish chemosignals in
the urine of other rats that differ only in the MHC. This may be the basis for
kin recognition. In the mouse, the MHC is located on chromosome 17. Proteins
encoded by the MHC are found on all cell surfaces, are antigen receptors, but
also contribute to urinary odors specific to individuals (Hurst et al., 2001). The
binding groove on the protein molecule, a binding site for antigenic peptides,
may also serve as binding site for volatile signal compounds (Beynon et al., 2002).
There are 50 genes in this complex, and they are highly variable, with about
50 alleles. The gene H-2K” is the most mutable. This variability lends itself to
signaling individual signatures.

6.3.5 Humans

The odors of T-shirts worn by mothers and their children appear simi-
lar even to strangers (Porter et al., 1986). Adults can recognize the odor on shirts
worn by their full siblings after several months of separation (Porter et al., 1986).

Mothers recognize their newborn babies by odor (Russell ez al., 1983; Schaal
etal., 1980) even if there had been little contact after a Cesarean delivery (Porter
et al., 1983). Mothers distinguished the odor of their own infant from those of
two other infants on a non-soiled undershirt that the infant had worn for at
least 13 hours. If the mothers had been exposed to their own infant for less
than 10 minutes after birth, only 20% were successful at recognition. After
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10-60 minutes, 90% succeeded. All mothers exposed to their infant longer than
1 hour identified their odors. Maternal analgesia or anesthesia had no influ-
ence on the discrimination (Kaitz et al., 1987). These results show that the
infant’s odor is most likely very important for identification during the immedi-
ate postpartum period (Eidelman et al., 1987). Even fathers, grandmothers, and
aunts, after only 0 to 8 hours of exposure to a newborn, can correctly identify
an infant 1-2 days old by the odor on its garment (Porter et al., 1986). Human
infants actually mark their mothers with saliva. Sleeping infants aged 6-8 weeks
responded to the mother’s breast odor or to the odor of their own saliva on gauze
pads, but not to cow’s milk (Russell ez al., 1989).

Breast-fed neonates themselves distinguish breast (Macfarlane, 1975; Russell,
1976; Schaal et al., 1980) and axillary (Cernoch and Porter, 1985) odors of their
mother from the same body region odors of other lactating women.

6.4 Individual odors

Every individual of a species can have its own olfactory signature or “fin-
gerprint” owing to the many odor sources that make up the body odor and the
many compounds in each secretion or excretion. The relative concentrations of
all these compounds may vary, providing for endless variety. These individual
signatures can potentially be monitored and exploited by conspecifics. “True
individual recognition” is a more selective and complex process than “social
recognition” (categorization of conspecifics) (Gheusi et al., 1997). Animals are
able to discriminate between the odors of two individuals other than self, such as its
mate and another individual of the same sex and status. Such individual recog-
nition or, better, discrimination (Halpin, 1986) is thought to increase genetic
fitness. Examples are recognition of one’s mate in species with strong and/or
lasting pair bonds, recognition of own offspring, recognition of relatives where
favoring of kin results in increased chances of propagation of one’s own genes,
and recognition of a potential rival such as a territory owner. True recognition of
the odor of an individual, as opposed to discrimination of odors of age, sex, or
physiological status, has rarely been demonstrated.

6.4.1 Amphibia

Male red-backed salamanders (Plethodon cinereus) in Petri dishes were
given a choice between own feces and those of another male. They preferred
their own. The same was true for “washes” from the cloacal glands (Simon
and Madison, 1984). While this may represent discrimination of “own” and
“other,” rather than true individual recognition, another experiment showed
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discrimination of individual odors in Plethodon spp. In a Y-maze, Plethodon sala-
manders discriminated individual odors in addition to sex and species odors
(Dawley, 1984).

6.4.2 Non-human mammals

Among rodents, chemosensory discrimination of individuals occurs in
mice (Bowers and Alexander, 1967), rats (Krames, 1970), Mongolian gerbils
(Halpin, 1974), eastern chipmunks, Tamias striatus (Keevin et al., 1981), cavies,
Cavia aperea (Martin and Beauchamp, 1982), golden hamsters, Mesocricetus aura-
tus(Johnston, 1993; Johnston and Jernigan 1994), and prairie voles, M. ochrogaster
(Newman and Halpin, 1988). Individual odors are also discriminated by African
dwarf mongoose, Helogale undulata rufula (Rasa, 1973) and the Indian mongoose,
Herpestes auropunctatus (Gorman 1976), badgers, M. meles (Kruuk et al., 1984), and
ferrets (Clapperton et al., 1988).

Rats form an olfactory image about individuals that they retain in their olfac-
tory memory. Gheusi et al. (1997) trained rats by operant conditioning to distin-
guish two other rats. After successful training, the reward and non-reward stim-
ulus rats were switched (reversal test). The responding rat’s error rate increased
drastically after this reversal. This test avoids novelty effects that confound
habituation-dishabituation experiments. In a second type of experiment, rats
were first trained to discriminate pairs of rats, and then given the odor (bedding)
of these rats. They were able to transfer the discrimination of whole animals to
their odor signature alone (Gheusi et al., 1997).

In primates, lemurs distinguish and remember individual odors. In L. ful-
ves the anogenital scent mark of an evicted individual was still recognized (i.c.,
scent-marked) 10 months after the eviction (Fornasieri and Roeder, 1992).

Individual recognition can be important for selecting and correctly recogniz-
ing mates, reducing aggression, incest avoidance, and sexual re-arousal, in the
Coolidge effect (named after an anecdote about a US President and refers to
increased sexual arousal with a new mating partner) (Dewsbury, 1981).

Mate recognition

Male and female Mongolian gerbils, Meriones unguiculatus, respond to
the urine of their respective mates by investigating it more and uttering more
ultrasonic calls than to unfamiliar gerbils of the same sex. Members of same-
sex pairs do not respond differently to the odors of the familiar and an unfa-
miliar individual of the same sex. To recognize the odor of one’s mate may be
important for pair maintenance by promoting affiliative behavior and reducing
aggression (Brown et al., 1988). Similarly, males and females of the prairie vole,
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M. ochrogaster, recognize and prefer the odor of their mate to that of a non-mate.
This was established with three techniques. First, after habituation to the odor
of soiled bedding or urine from one male or female, material from another indi-
vidual of the same sex was substituted. The voles discriminated this new odor
from the previous one. Second, in a Y-maze, females preferred the odors of their
mates over those from other mated or unmated males; males preferred the odors
of their mates over those from other mated females but they did not discrimi-
nate between their mate and a virgin female. Third, when allowed to stay for over
10 hours in a scented Y-maze and provided with nest material, females stayed
and built a nest on the side of their mate’s odor. Likewise, males build a nest
on the side with their mate’s odor, when juxtaposed with the odor of a virgin
female. Itis notdifficult to see that to recognize and prefer the odor of one’s mate
can play a vital role in monogamy (Newman and Halpin, 1988). Females of the
shrew, Crocidura russula, distinguish flank gland secretion of their mate from that
of another male (Cantoni and Rivier, 1992).

Sex differences

Discrimination of individual odors may depend on the sex of the odor
donor. In the Virginia opossum (D. virginiana), females distinguish individual
female, but not male odors (Holmes, 1992).

Genetic basis and chemical variation of odors

In the rat and other rodents, individual odors probably reflect genetic
differences. Laboratory rats can distinguish individuals. They discriminate
between two intact males, two castrated males, two estrous/proestrous females,
two diestrous/metestrous females, or two ovariectomized females. Urine odors
differ individually despite differences in the levels of gonadal hormones. Indi-
vidual recognition may be independent of reproductive state or social status,
even though hormone-influenced body odors may be used for individual recog-
nition (Brown, 1988).

In the rat, the major histocompatibility complex (MHC) is responsible for
individual odors (Brown et al., 1987a,b). Genetic differences in the IA region actu-
ally result in different urine odors (Singh et al., 1987).

The relative concentrations of constituents of the anal sac secretion in male
stoats, Mustela erminea, are distinct for different individuals, but consistent over
time for each individual. This possibly permits individual recognition of terri-
tory owners (Erlinge et al., 1982). The chemical composition of the anal gland of
the otter, Lutra lutra (Gorman et al., 1978) and the subcaudal gland of the badger,
Meles meles (Kruuk et al., 1984) also differ with the individuals.
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Body regions

Odors of different body regions can convey different types of informa-
tion. In the golden hamster, M. auratus, five scents provide individual informa-
tion. These are the flank glands, ear glands, urine, feces, and vaginal secretion.
However, hamsters did not discriminate individuals by the odors of saliva, feet,
chest fur, back fur, area behind the ear, and flanks from males with flank glands
surgically removed (Johnston et al., 1993). The golden hamster recognizes flank
gland and vaginal secretions as coming from the same individual (Johnston and
Jernigan, 1994).

6.4.3 Humans

Mothers and siblings can distinguish the odor of young children in their
family from those of unrelated children of the same age. Parents could identify
T-shirts worn by boys or girls as those of siblings or offspring and could correctly
identify the T-shirt worn by each of two of their children (aged 35-58 months
and 64-94 months (Porter and Moore, 1981). This shows that the identifying
odors were individual signatures and not household odors common to several
siblings (Porter and Moore, 1981). The odors of identical twins are so similar
that humans cannot easily distinguish these (Wallace, 1977). Even dogs confuse
the odors of identical twins, especially if not available simultaneously (Kalmus,
1955).

6.5  Odors in parental behavior
6.5.1 Chemosignals from parents in mammals

Offspring of many different vertebrate groups cue in on chemosignals
from the mother, father, or both, and vice versa. Here we focus on mammals.
From birth on, odors play a central role in discrimination of individuals. Odors
from the mother fall into two categories: general odors, usually signifying a food
source, and individual odors that the young use to recognize their mother as a
specific individual.

Nipples, milk, and suckling

Nipple pheromone in altricial mammals

Newborn rabbits, Oryctolagus cuniculus, nurse only once per day for 5-7
minutes. During this short bout, pups can drink up to 25% of their body weight.
They respond first to vibration and tactile cues from the approaching motherand
then find the nipples with the aid of chemical cues. If one covers the nipples with
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FIGURE 6.1 Structure of 2-methylbut-2-enal, the rabbit mammary pheromone.

plastic, there is little or no sucking. Earlier studies postulated that the “highly
stereotyped and reliable response of rabbit pups to the odour presented by the
nursing doe seems to qualify for consideration as a true pheromone” (Hudson
and Distel, 1983). Newborn rabbits prefer the odor of females in early, rather
than late, lactation; in the prenursing rather than postnursing phase; and nip-
ple areas over other abdominal, or back, areas (Coureaud et al., 2001). The mam-
mary pheromone, a compound in rabbit milk that triggers searching by head
movements and grasping the nipple, is 2-methylbut-2-enal (Fig. 6.1) (Schaal
etal., 2003). The pheromone is specific to rabbits and not produced by, or effec-
tivein, hares, rats, or mice. The nipple is the source of the mammary pheromone.
Milk before it passes the nipple is not active as pheromone. It remains to be seen
whether the pheromone comes from skin glands, symbiotic microorganisms, or
compounds complexed to proteins or lipids that are secreted in the mammary
glands (Moncomble et al., 2005).

Likewise, odors on the domestic sow’s ventrum regulate attachment of piglets
to her nipples. Piglets take longer to attach to the nipples after washing the ven-
trum of the mother with organic solvent or impairing piglet olfaction either by
blocking their nares or by flushing their olfactory system with lidocaine, a local
anaesthetic. Attachment is still possible, since the response is controlled by tac-
tile and taste stimuli as well as olfaction (Morrow and McGlone, 1988).

Kittens rely little on olfactory stimuli to attach to the nipples of their mother.
Instead, tactile cues are important. The mouth area and the trigeminal projec-
tion field mediate these tactile sensations (Blass et al., 1988).

Milk

During the days following birth, the odor of milk may activate young
mammals. In rats at least, 3- to 9-day-old pups respond to the odor of milk
by probing. This behavior wanes at 12 days of age. It is assumed that the odor
of milk acquires its activating effect during the first hours and days by the
suckling experience. If the dam’s diet contains an artificial odor such as euca-
lyptol, this odor elicits as much activity, mouthing, and probing as milk odor
Terry and Johanson, 1987). In rat pups 8 days old or older, suckling is critically
dependent on olfaction. If 7-day-old rats are bulbectomized and then tested for
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nipple attachment 24 hours later, they will not attach to the nipples, lose weight,
and become moribund. Cortical lesions have no such effects (Risser and Slotnick,
1987).

Precocial Mammals

Lambs of domestic sheep use different senses for different stages of
attachment (bonding, or imprinting) to their mothers. During their first hours,
lambs stand up, nose the ewe, and suck. Blindfolded lambs did not stand. When
the blindfold was removed, they approached the udder and sucked. This shows
the importance of vision for this first step. After spraying the nasal passage with
xylocaine to impair olfaction, the lambs did not suck. Finally, lambs with the
upper lip anaesthetized with xylocaine needed longer to touch the udder and
suck. In summary, visual stimuli guide the initial approach to the mother (Vince
etal., 1987). Smell may not be as important for the lamb at that age as it is for the
ewe. Initially, “teat seeking” is directed at any ewe, even though the lamb is able
to discriminate the odor of its mother from that of other ewes (Vince and Ward,
1984). The smell of a ewe’s inguinal wax stimulates the lamb’s nosing, munching,
sucking, and bunting (Vince and Ward, 1984; Vince and Billing, 1986). Calves of
free-ranging Labrador Caribou are attracted to the fresh urine of their mothers
(Miiller-Schwarze and Miiller-Schwarze, 1985).

Fecal odors

Feces may also be a source of maternal odors. Domestic piglets pre-
fer maternal feces odor to water, but they do not respond differently to fecal
odors of their mother and other lactating or non-lactating females (Morrow
and McGlone, 1987). In the laboratory rat, the odor of caecal material from the
mother attracts the young once they are mobile. The diet of the mother affects
the odor. It is also diet specific: pups will even be attracted to the caecal odor of
another lactating female as long as she is on the same diet as their mother. Stim-
ulated by prolactin, lactating females consume more food and water and thus
produce more caecal material. This is released to the environment, as lactating
rats do not eat caecal material. At weaning, young rats prefer the diet of their
mother even if they had been exposed to maternal diet signals only before the
time of weaning (Leon, 1975).

Ammniotic fluid

Chemical stimulation of a young mammal starts already in utero. Amni-
otic fluid is highly attractive for rat pups. This response is not necessarily
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acquired during perinatal exposure to this fluid. Rat pups delivered by Cesarean
section with no ex utero experience did prefer their own mother’s amniotic fluid
over that of other females (Hepper, 1987). Amniotic fluid is considered impor-
tant in initial bonding between mother and offspring.

Stress and fear in rodent pups

Laboratory mouse pups show signs of stress, such as higher rates of
ultrasonic calls, when the odor of the mother is removed by exchanging the
mother’s litter with clean bedding (D’Amato and Cabib, 1987).

Some experiments have failed to demonstrate an effect of maternal odors on
stressed offspring. The heart rate rose in rat pups removed from their home cage
and placed in an unfamiliar environment; this was taken as an index of “fear.”
Tests with mothers and soiled bedding from mothers or other rat pups showed
that tactile and thermal stimuli reduced “fear” in 16-day old pups, but olfac-
tory cues from the mother or odors from the home cage did not (Siegel et al.,
1988).

6.5.2 Filial odors: chemosignals from offspring

Olfactory stimuli emanating from the young guide initial bonding, sub-
sequent recognition, and acceptance for nursing in a variety of mammals.

Genital stimulation during parturition stimulates many aspects of mater-
nal behavior, including attraction to amniotic fluid and forming a selective
bond with an alien lamb. This is possibly mediated by stimulation of oxytocin
release, and/or activation of afferent noradrenergic pathways in the olfactory
bulbs (Poindron et al., 1988).

In domestic sheep, the amniotic fluid on the coat of the neonate is impor-
tant for establishing maternal behavior, but only for inexperienced ewes. Wash-
ing of the coat of newborn lambs reduces licking and acceptance at the udder
by primiparous ewes and increases aggressive behavior by the mother. Multi-
parous females, however, did not need amniotic fluid for acceptance or for less-
aggressive behavior. They merely licked the lamb less (Levy and Poindron, 1987).
In dogs (Dunbar et al., 1981) and rats (Kristal et al., 1981), among other species,
the amniotic fluid is also important for establishing the first contact between
mother and newborn.

The mother’s responses to her offspring’s odors may have far-reaching conse-
quences for the young later in life. For instance, if a male rat pup is perfumed
on his anogenital area, the mother will lick his anogenital area less. Such males
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later show diminished “masculine” behavior such as mounting and intromis-
sion. Licking of the anogenital area of pups by the mother is assumed to produce
greater genital sensitivity to peripheral feedback when adult(Moore, 1984; Birke
and Sadler, 1987a).

Cross-fostering

Since time immemorial, animal breeders have had to cross-foster
motherless lambs or calves, or had to attach newborn mammals to a mother of a
different species. They have been aware of odor barriers and developed methods
to overcome them. A ewe will acceptanon-related lamb ifithas been rubbed with
the hide or amniotic fluid of her own, perhaps stillborn, lamb. A classical case of
successful cross-fostering between species is a technique employed by Peruvian
livestock breeders to produce hybrids between alpacas and vicufias. The cross is
called paco-vicufia and combines the large quantity of wool of the alpaca with the
fine quality of vicufia hair. To breed an alpaca female with a vicufia male, first
a male has to be imprinted on alpacas. A newborn male vicufia is covered with
the hide of a newborn alpaca and presented to a lactating female alpaca without
young. The young vicufia is accepted and nursed on account of his alpaca odor.
Successfully raised by his alpaca mother, he will imprint on, and breed with,
alpacas when adult.

Recent experiments have confirmed these practitioners’ experiences and
revealed the precise mechanisms better. A ewe accepts an alien lamb if it wears
a stockinette that had been worn before by her own lamb. The salient cue for
acceptance is the odor of her own lamb rather than absence of alien odor (Price
et al., 1984). A ewe will even accept an additional lamb if it smells like her own
lamb. Such “add-on experiments” work better with primiparous ewes than with
multiparous ones. To collect the odor, the own lamb wore a stockinette for 20
hours after birth. The stockinette was then pulled over the alien lamb. It should
be noted, however, that visual cues such as the color of the lamb’s head also influ-
ence the ewe’s choice (Martin et al., 1987).

In some species, bonding depends solely on the mother’ s ability to recognize
the odor of her pup, as for instance in the Mexican bat, Tadarida brasiliensis mex-
icana. In this species, the pups do not discriminate odors of their (presumed)
mother and other lactating females but mothers discriminate well between the
pup they nurse and other pups. They also distinguish the odor of their own muz-
zle glands from that of randomly selected lactating females. It is possible that
in this bat species mothers mark their young with secretion from their muzzle
glands (Gustin and McCracken, 1987).
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FIGURE 6.2 Structure of dodecyl propionate, found in the preputial gland
of rat pups.

Other olfactory effects on maternal behavior

During lactation, female rats eat more, are aggressive toward adult con-
specifics, and are less fearful than usual. Lesions of the peripheral and cen-
tral olfactory system interfere with these behaviors. If the olfactory epithe-
lium is ablated, lactating females eat less, weigh less, and maternal aggression
decreases. However, “fear” (i.e. freezing in response to a sound) is not affected
by this treatment. Centrally, the olfactory system involves brain structures such
as the mediodorsal thalamic nucleus and the prefrontal insular cortex. Thala-
mic and cortical lesions in these regions lower the frequency of attacking male
intruders, but eating behavior and fear responses are left intact (Ferreira et al.,
1987).

Behaviorally active chemical compounds

Dodecyl propionate (Fig. 6.2) from the preputial gland of rat pups
attracts the mother. She responds by sniffing and licking the secretion, result-
ing in grooming and stimulating of her young (Brouette-Lahlou et al., 1991).

Paternal behavior

Chemosignals from mate

In the California mouse, Peromyscus californicus, both sexes participate
in taking care of the young. A chemosignal in the mother’s urine maintains
parental behavior in the father. This paternal behavior consists of licking the
pups and crouching over them in a “nursing position.” The active principle
resides in the volatile fraction of the female’s urine. The paternal behavior was
maintained by an experimental dose of 100 ul urine given on the male’s nares
twice per day (Gubernick, 1990).

In Mongolian gerbils (M. unguiculatus; a “biparental” species), males avoid
their newborn sons until they are 3 days old. The pups’ surge of testosterone
around birth is seen as the proximate cause for this behavior. The males appear
to respond to an odor from the neonates, because if rendered anosmic by zinc
sulfate infusion they do not avoid neonatal pups. The male faces conflicting
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demands: either attending to the pups or mate-guarding a female during her
postpartum estrus. A male engaged in fathering will miss the estrus and mating
will be delayed by at least 30 days. It is not clear why only sons have this effect
(Clark et al., 2003).

6.6  Species and population discrimination

Discrimination of the own species from other closely related and sym-
patric species is essential not only for reproductive behavior but also in the con-
texts of competition for resources and antipredator behavior.

6.6.1 Fish

Juveniles (elvers) of the European eel (Anguilla anguilla) migrate
upstream in rivers. To test whether they might follow conspecific odors, elvers
were taken from the Arno river in Italy and exposed to water in which other
juvenile eels had lived for 8 months. They were attracted to this stimulus much
more than to uncontaminated water or water from mosquito fish (Pesaro et al.,
1981).

Young (i.e. 2-summers old) Arctic charr, S. alpinus, are attracted to odors of
conspecifics. These odors include those of intestinal contents, fed and starved
fish, and urine (Olsén, 1987). In a T-maze fluvarium, fry of Arctic charr of
one population was attracted to water from a tank with conspecific fry, while
those of another population were not (Olsén, 1990). Juvenile coho salmon,
O. kisutch, from British Columbia, Canada discriminate between chemical cues
from similarly aged conspecifics from their own and a different population.
Some experimental results suggest that the odor emanates from the feces. This
discrimination of population odors may play a role in imprinting for homing,
sibling recognition, or mate choice (Courtnay and Masel, 1997).

Blind cave fish are attracted to water in which conspecifics had lived. This is
true for the Congo blind barb, Caecobarbus geertsi, and the Somalian cave fish,
Phreatichthys andruzzi (Berti et al., 1982). The population density can be critical
for the strength of a produced chemosignal. The blind cave fish Astyanax mexi-
canus (formerly Anoptichthys antrobius; Characidae) is attracted to water in which
conspecifics had been. Tested with water from groups of 4, 8, 16, and 32 fish, the
response was the stronger the more fish served as stimulus. All other factors, such
as familiar versus alien group, did not matter (De Fraipont, 1987). However, test
fish may prefer the odor of known individuals, but only for 2 minutes. After that
time, the movements of the test fish become random (De Fraipont and Thines,
1986). The Mexican blind cave fish Astyanax jordani spends more time in the
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section of a tank that had been occupied by a conspecific. In the presence of con-
specific odor, locomotor activity is reduced in this species (Quinn, 1980).

6.6.2  Amphibians

Courtship pheromones are not necessarily species specific. Pairs of the
woodland salamander, Plethodon shermani, courted for an equally long time
(about 35 to 50 minutes) whether male pheromone from the mental gland of
conspecifics or the allopatric species P. montanus or P. yonahlossee was present,
even though the composition of the proteinacous pheromones (plethodontid
receptivity factor of these three species differ considerably (Rollmann et al.,
2003).

6.6.3 Reptiles

Ascincid lizard species, Eumeces laticeps, can distinguish the cloacal odors
of males of conspecifics from those of Eumeces fasciatus. When the odor is pre-
sented on cotton-tipped applicators, the lizards flick their tongue more often
to their own species’ odor. The adaptive advantage of interspecific discrimina-
tion may be to recognize sexual rivals or to avoid injury in interspecific fighting
(Cooper and Garstka, 1987).

Garter snakes identify their species by tongue flicking at non-volatile, integu-
mentary lipids which they also use in courtship and following conspecific trails.
Thelevels of these lipids fluctuate with hormonal state, skin-shed state, and sea-
son (Mason, 1992).

Aggregation pheromones belong in this context. Garter snakes produce an
aggregation pheromone in their skin that chemically is a cholesterol ester
(Devine, 1977). These snakes can find and follow each other by depositing trail-
ing pheromones on vegetation or soil. These have been considered functionally
different from the “sexual attractiveness pheromone” (Ford, 1978, 1981, 1982;
Garstka and Crews, 1986).

6.6.4 Birds

Social odors have rarely been reported in birds. The respiration rate of
wedge-tailed shearwaters (Puffinus pacificus) increases in response to the odor of
an unfamiliar conspecific (Shallenberger, 1975). Domestic ducks altered social
and sexual behavior after bilateral section of the olfactory nerve, or after treat-
ment with amyl acetate or ethyl acrylate (Balthazart and Schoffeniels, 1979).
Some bird species are known for their strong characteristic odors. For instance,
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the hoatzin, Opisthocomus hoazin, smells like cow manure (Grimmer, 1962). Oil-
birds (Steatornis sp.) and hoopoes (Upupa epops) are further examples of “smelly”
birds. The functions of these odors are still unknown.

6.6.5 Mammals

Mammals easily discriminate the odor of conspecifics from odors of
other species.

Investigators have searched for specific compounds that signal the species,
while groups of other constituents form the “fingerprint” for individual recog-
nition. The Eurasian otter, L. lutra, may provide an example. Its anal sacs con-
tain a secretion with many compounds. One of these, less volatile and hencelong
lasting, occurred in nearly all individuals, making it a candidate for the signal
“otter.” The proportions between other compounds varied between individuals
and remained constant for 25 days for each individual (Trowbridge, 1983).

Among primates, females of the saddleback tamarin, Saguinus fuscicollis, dis-
criminate conspecific scent marks from those of other species or subspecies
(Epple et al., 1988), based on a complex mixture of compounds (p. 168). Like-
wise, L. fulvus and L. macaco distinguish scent marks by species and “show more
interest” in the other species’ odor than their own (Fornasieri and Roeder, 1992).

Mole rats of the superspecies Spalax ehrenbergi occur in four main chromosome
forms: 2n = 52, 54, 58, and 60. Females of two of these forms (52 and 58) were
given choices between soiled bedding (or urine) from males of a homochromoso-
mal or a heterochromosomal form. The females were estrous or diestrous. Only
estrous females preferred soiled bedding and urine of homochromosomal males,
measured in time spent near the odor samples. Diestrous females showed no
preference (Nevo et al., 1976).

6.7  Modulating behavior by status signals

In the second part of this chapter, we discuss communication by
pheromones and pheromone-like chemicals in the context of competition,
aggression, dominance, and territorial behavior.

6.8  Competition between conspecifics of the same sex

Competition between conspecifics of the same sex may either lead to
spacing, often as territorial behavior, or dominance orders among animals that
stay together, at least temporarily.
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6.8.1 Amphibians

Some salamanders show signs of odor-mediated spacing mechanisms.
In Western red-backed (lungless) salamanders, Plethodon vehiculum, both sexes
avoid the odor of males in a choice test. Ovaska (1988) suggested that the “males
use pheromonal markers to space themselves out for mating purposes.” Some
evidence suggests that male red-spotted newts, Notophthalmus viridescens, pro-
ducearepellent pheromone thatinhibits other males from approachinga cluster
of several males courting a female (Park and Propper, 2001).

6.8.2 Mammals

In mammals, dominant individuals typically scent mark more - orina
more effective manner — than subordinate ones.

Marsupials

Dominance status information, coded in whole-body odor, can travel
between animals in an air stream. When exposed to the odor of a familiar, dom-
inant male, the sugar glider, P. breviceps, increases cardiac and respiration rates
within 10 minutes, and levels of glucose and catecholamine in the plasma rise
after 30 minutes (Stoddart and Bradley, 1991).

Rodents

In caged laboratory mice, dominant males mark over their entire area,
while subordinate neighbors, separated behind a partition, urinate only in the
corners (Desjardins et al., 1973; Fig. 6.3). In wild house mice, M. musculus, ter-
ritorial males advertise their “aggressive dominance over other resident and
intruder males” by vigorous marking, while subordinate males investigate the
dominants’ marks. Both use the marks of the dominant males as beacons to
orient to their own territory and to avoid areas marked by other dominant
males (Hurst, 1990a). Subordinate males also contribute to the communal odor
of a group’s substrate. A subordinate that is experimentally prevented from
contributing his odor, will be attacked more by the dominant and the other sub-
ordinate males of the group (Hurst et al., 1993).

One of a pair of fighting mice will be more “confident” if his feces are present:
if two male house mice (M. musculus domesticus) are placed together in a con-
tainer along with fecal pellets from one of them, the donor of the fecal pel-
lets shows more and longer aggressive contacts and succeeds more often in

145



146

SIGNALING PHEROMONES I: DISCRIMINATION AND RECOGNITION

FIGURE 6.3 Ultraviolet light reveals urine marks of
dominant and subordinate adult male mice. (4, b) Two
individually isolated males (without immediate neighbors)
urinate along the periphery. () The same males, but in one
cage, only separated by a wire mesh partition. They saturate
the entire area with small marks. (d) The same animals after
an aggressive encounter established the male on the left as
dominant. (¢) The same animals, after five aggressive
encounters. The dominant mouse on the left continued to
distribute urine over the entire cage floor, while his
subordinate neighbor voided urine in corners only. (From
Desjardins et al., 1973.)
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aggressive encounters (Goodrich et al., 1990). Male mice advertise their domi-
nance by urine marks. In staged encounters between familiar, unfamiliar, domi-
nant, and subordinate males, a urine mark was provided. The dominance status
of the urine donor influenced the outcome of the encounter (Hurst, 1993). Male
mice also over-mark female urine marks heavily (Hurst, 1989), as is common in
ungulates (see below).

Female mice spend more time with the odors of winning male mice than with
odors oflosers. Even more remarkably, they also spend more time with the odors
of the sons of winners than with the odors of sons of losers (Drickamer, 1992).

In other rodents, subordinate males also smell scent marks quite often and so
keep informed on the presence, status and activities of higher-ranking group
members. For instance, dominant males of the hispid cotton rat, Sigmodon
hispidus, urine mark more than subordinates. The social status of the male urine
donor affects the response of other males to the odor. The response of a repro-
ductive female to feces of either sex depends on her dominance status (Gregory
and Cameron, 1989).

Dominant male bank voles (Clethrionomys glareolus) over-mark urine and fecal
marks from strange dominant males, hierarchically naive males, and sexually
unstimulated virgin females. They sniff urine but handle and lick (possibly mask
the odor of) feces. Dominant males also scratch their flanks and drag their gen-
itals near conspecific marks, and more so at marks of unknown dominant than
unknown naive males. Consequently, in this species, chemical signals provide
information on the hierarchical background of an individual in addition to
species and sex. Furthermore, bank voles may mask conspecific odors with saliva
and specific skin gland secretions (Rozenfeld and Rasmont, 1991).

In the golden hamster, M. auratus, both dominant and subordinate males use
the flank glands to communicate their social status to inhibit overt aggression dur-
ing encounters (Ferris et al., 1987). However, they do not need their flank glands
to develop dominant/subordinate relationships.

The dominance status of an individual can be predicted by its scent-marking
rate before social interactions take place: Woodchucks (Marmota monax) scent
mark with their oral glands. When presented with isolated secretion of the oral
gland of other woodchucks, future subordinates marked the scent of future
dominant animals more often than vice versa (Hébert and Barette, 1989).

Lagomorphs

Rabbits, O. cuniculus, “chin-mark” (Fig. 6.4) near their warren entrances
and at boundaries to neighboring groups. Only the dominant male marks. This
has been demonstrated by comparing gas chromatograms of the chin gland
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FIGURE 6.4 Adomestic rabbit scent marks by “chinning”. (Photograph:
R. Mykytowycz.)

secretion of males with those of “environmental” scent marks in the territory
of these males. All scent marks contained 2-phenoxyethanol. This compound
is typical for dominant males. Furthermore, the scent from the chin gland of
the dominant male can be chromatographically found on the forehead of sub-
ordinate males and of females, as the dominant buck marks these group mem-
bers (Hayes et al., 2002). Such “allomarking” is thought to produce a group
odor, an olfactory membership badge. However, specific individual relation-
ships between the dominant male and other individuals may also be “recorded”
and broadcast this way.

Ungulates

The scent marking of male feral boar, Sus scrofa, with metacarpal and
preputial glands varies with rank and the social environment. The dominant
boar marked more often than the subordinate one when paired, butdid not mark
atall when alone (Mayer and Brisbin, 1986).

Males of equids urinate and defecate over female urine. In this way, males
possibly advertise themselves to other males as a dominance display (Klingel,
1974), while Trumler (1958) proposed that the stallions conceal estrus odors of
females from other males. Pronghorn bucks, A. americana, cover spots of female
urine on the ground in a stereotyped sequence of sniffing, pawing, urination,
and defecation, but only when no other bucks are present. This supports the
concealment hypothesis (Moodie and Byers, 1989). Males of several other species
also cover female urine with their own urine or feces. This is true for blackbuck,
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Antilope cervicapra (Dubost and Feer, 1981), dik-dik, Madoqua kirki(Hendrichs and
Hendrichs, 1971), muntjacs, Muntiacus reevesi (Barrette, 1977), and ponies, Equus
caballus (Feist and McCullough, 1976).

During the rut, a dominant muskox (Ovibos moschatus) performs a “superior-
ity display”: he tilts his head and walks slowly past his rival in a stiff-legged
gait, with the prepuce everted as a 12cm long pendulous tube. The tube swings
about and urine dribbles from the opening. The long belly hair is soaked, emit-
ting a typical strong rutting odor. Washings of the preputial gland contain large
amounts of benzoic acid and p-cresol. By contrast, the secretion of the muskox
infraorbital glands has a “light sweetish, ethereal smell.” It contains cholesterol,
benzaldehyde, and a homologous series of saturated y-lactones ranging from 8
to 12 carbons. These lactones smell like the natural secretion (Flood et al., 1989).

6.8.3 Active chemical compounds in mammals

Two compounds in the urine of male mice trigger attacks by other males:
3,4-dehydro-exo-brevicomin and 2-sec-butyl-4,5-dihydrothiazole (Novotny et al.,
1985b). The behavior of male mice depends on the context in which they
encounter these compounds. When smeared on castrates or females, they release
aggressive behavior, but applied to pups, they inhibit infanticide. Therefore, it
appears to be more appropriate to consider the these as signals of “maleness”
rather than “aggression pheromones” (Mucignat-Caretta et al., 2004).

The concentrations of 16 constituents of male mouse urine vary with the
male’s dominancesstatus. Dihydrofurans, ketones, and acetates decreased in sub-
ordinates. Two sesquiterpene compounds, - and B-farnesene, are elevated in
dominants’ urine 1 week after establishing dominance. The bladder or voided
urine of dominants contains more 2-sec-butyl-4,5-dihydrothiazole. Four com-
pounds depend on hormones: «-and B-farnesene, dehydro-exo-brevicomin, and
2-sec-butyl-4,5-dihydrothiazole. The latter two are absent in urine of immature
or castrated males, and testosterone treatment restores their presence. In addi-
tion, - and B-farnesene do not occur in urine of immature males and are merely
reduced in urine of castrates. They are not found in bladder urine and originate
in the preputial glands (Harvey et al., 1989). While subordinate male mice have
reduced levels of farnesenes, levels of their major urinary proteins remain high
(Malone et al., 2001).

Dominant males of the European rabbit, O. cuniculus, have 2-phenoxyethanol
in their chin gland secretion. Behaviorally subordinate males lack this com-
pound. When a subordinate becomes dominant after removal of the originally
dominant male, 2-phenoxyethanol starts showing up in his secretion. The per-
fume industry uses this compound as a fixative. Rabbits perhaps also employ this
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alcohol as a fixative to keep alive the dominant’s odor in the environment (Hayes
etal., 2001).

6.8.4 Females
Rodents

Female wild house mice mark frequently to advertise their dominant
breeding status to other females. Resident breeding females overmark the urine
of other breeding females (Hurst, 1990b).

Female mice “prefer” odors of dominant males over those of submissive males.
Such preferences disappear if the dominant male is preputialectomized. A male
mouse needs rivals to be aggressive, which, in turn, maintains his preputial
gland and hence his attractiveness to females (Hayashi, 1987). Social dominance
can be influenced by strange male odor (Hayashi, 1989). In bank voles (C. glare-
olus) the effect of urine odor of a familiar female depends on the status of the
receiving female. Before the receiver’s pregnancy, the odor inhibits aggression;
later in pregnancy and early in lactation it releases aggressive behavior and scent
marking. This is thought to aid in spacing (Rozenfeld and Denoél, 1994).

Ungulates

In female cattle, olfactory stimuli are more important than visual cues
for dominance relationships. In one experiment, the 10 most dominant of 30
Holstein cows were sprayed with anise oil, or painted. They were kept apart
from the herd for 2 hours and then reintroduced. Visual alteration had no effect.
However, olfactory alteration resulted in less interaction with other cows in
the group. Specifically, other cows investigated the altered individuals less and
reduced their submissive behavior toward them (Cummins and Myers, 1988).

Here’s the rub: “dominance areas” as transition between
dominance and territory

White-tailed deer, Odocoileus virginianus, bucks compete with one
another by three behaviors: they rub the bark off tree saplings with the base of
their antlers, scrape the ground at various places in their home range during the
rutting season (Fig. 6.5), and rub their muzzle and forehead on overhanging
dry twigs while the antorbital gland opens, and its secretion is transferred to
the substrate (Fig. 6.6 shows this for a male black-tailed deer). The first two,
rubs and scrapes, can occur together or separately. Bucks also defend the area
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FIGURE 6.5 A“rub”onasaplingand “scrape” on the ground made by a
white-tailed deer buck during the rutting season. Such sites attract females and are
thought to constitute a “dominance area.” (Photograph: D. Miiller-Schwarze.)

around estrous females (Moore and Marchinton, 1974). Only males older than
2.5 years regularly maintain the scrapes and rubs. One male may distribute
scrapes and rubs over an area as large as 4 miles long and 1.5 miles wide (Moore
and Marchinton, 1974).

6.9 Liquid assets: marking territory and home range with
urine and secretions

6.9.1 Fish

Even fish may mark their substrate. Juvenile Atlantic salmon (parr) are
attracted to extracts from gravel over which salmon parr had been reared. They
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FIGURE 6.6 Secretion marking in the black-tailed deer. A male scent marks
by rubbing the side of his head against a post while opening the pouch of the
antorbital (AOG) (or preorbital) gland. (Photograph: D. Miiller-Schwarze.)

preferred the odor of their own strain. It is assumed that fecal material serves as
“scent marks” in this species (Stabell, 1987).

6.9.2  Amphibia

Amphibians appear to use territorial pheromones. The best-
investigated species is the red-backed salamander, P. cinereus. Females deposit
scent on fecal pellets. They are more aggressive to fecal pellets of other females
than males are to fecal pellets of other males. These pellets may advertise terri-
tories (Horne and Jaeger, 1988). Territory owners of this species use pheromones
as the first line of defense, followed by aggressive and submissive signals to
intruders, and finally by biting and expelling intruders (Jaeger, 1986).

Salamanders of the ambystomatid family may also use territorial marks.
In contrast to red-backed salamanders, which are repelled by conspecific odors
or fecal pellets (Jaeger and Gergits, 1979; Jaeger, 1986), spotted salamanders,
Ambystoma maculatum, are attracted to paper towels on which conspecifics had
lived for 4 days, whether the latter were familiar or unfamiliar (Ducey and
Ritsema, 1988).

6.9.3 Reptiles

Reptiles advertise their territories mostly by visual displays, but some
olfactory marking may occur. For instance, western fence lizards, Sceleporis sp.,
of North America deposit fecal boli in prime basking sites, which are important
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for thermoregulation. These fecal boli provide chemical as well as visual cues.
Lizards are still attracted to boli that are covered with translucent plastic. The
boli possibly signal that the area is occupied, the sex of the marker, breeding or
non-breeding status, and the individual’s resource-holding power. It is an ener-
getically inexpensive way to maintain a territory (Duvall ez al., 1987).

6.9.4 Birds

Birds do not usually rely on scent for territorial marking. Some species,
however, such as burrowing owls, apply odoriferous substances to their nest cav-
ities or burrows. The functions are not well understood. Non-avian predators
are thought to be the addressees, placing such marking outside the intraspecific
behavior of this chapter.

While birds or nests in a number of species are “malodorous,” the question
is: does any bird “mark” in an area outside its nest, and do conspecifics respond
to this chemical cue? Candidates are the “mimuyi,” deposits of stomach oil near
the nest of Antarctic and snow petrels that have been dated as 9000 and 4000
years old (Hiller and Wand, 1984). Petrels spray stomach oil at intruders as far
as 2m. However, most investigators see bird odors as antipredator, rather than
territorial.

6.10 Scent marking in mammals

Scent marking for demarcation of territory or home range of individ-
uals or groups is the hallmark of mammals and this will be discussed in some
detail below. Depending on the social organization, scent marking in mammals
can take many different forms. Solitary species, such as musk deer, Moschus sp.,
aardvark, Orycteropus afer, or aardwolf, Proteles cristatus, for example, simply cover
their feces with soil or leaves. Pangolins, Pangolinus arboricoles, maintain individ-
ual distances by means of scent marks (Pages, 1972). Many social species, by con-
trast, mark in elaborate behaviors with complex or specific spatial and temporal
patterns. Examples are the well-studied hyenas and canids such as wolves and
coyotes.

6.10.1 Territorial marking in carnivores
Hyenas: a case study in territorial marking

The four species of hyena all scent mark plants with anal gland secretion
(“pasting”). Different species concentrate their scent marks in different parts of
their territories. In the resource-poor Kalahari, both brown (Hyaena brunnea) and
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spotted (Crocuta crocuta) hyenas maintain large group territories of up to 500 and
1000km?, respectively. Given their average group sizes of 1 to 9 and 3 to 15 indi-
viduals, respectively, each individual would have to mark between 7 and 37km
border on average, were they to concentrate their scent marks at the periph-
ery. This would strain their time and energy budget. Instead, these two species
increase their marking from the edge toward the center of their territory where
they are active anyway. The striped hyena of the Serengeti, a solitary species,
also practices such hinterland marking. With a territory size of 40-70km?, the
single animal would have to renew scent marks along a 22-30km circumfer-
ence. By contrast, border marking is feasible in smaller territories. The spotted
hyenas of the Ngorongoro crater live in much larger groups (30-80) than the
same species at Kalahari. In addition, their territory is rather small (about
30km?). They have only a quarter to two thirds of a kilometer circumference
to mark per group member, on average. Indeed, they mark mostly at the bor-
der. Finally, the aardwolf, P. cristatus, lives alone or in pairs in a small territory
(1.5km?). This requires only 1.7 to 3.4km periphery to mark per individual.
Consistent with the assumption, the aardwolf follows a border-marking strat-
egy (Gorman and Mills, 1984).

The brown hyena has been studied in detail. Its scent mark, typically on a grass
stalk, consists of two parts: an upper black watery portion that loses its odor
quickly, and a lower, lipid-rich white part (Fig. 6.7) the odor of which humans
still detect after 30 days. The mark is placed at nose level of hyenas, ensuring
that newcomers will encounter them easily. Hyenas travel on average 30-40km
per nightand paste at a rate of 2.64 marks/km. In the course of a year, an individ-
ual may produce 29 000 paste marks, a considerable energetic cost, indicating an
important function (Mills ez al., 1980).

Hyenas also maintain latrine sites that accumulate 5-50 feces. While the
latrine sites are concentrated near, but not on, the border, the paste marks
become denser toward the center of the territory, the main area of hyena activ-
ity. The driving force for the pasting pattern is not primarily the need to signal
at the periphery, which is met by the latrine sites, but the impossibility to mark
regularly the long border of a huge territory, as mentioned above (Gorman and
Mills, 1984). Would mammals in such situations develop chemical marks that
stay fresh longer?

Canids: a second case study in territorial marking

Urine marking by canids has received much attention. Wolves, Canis
lupus, mark by raised-leg urination (RLU), squat urination (SQU), defecation,
and scratching. In Minnesota’s Superior National Forest, wolf packs maintain
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FIGURE 6.7 Thedoublescent mark of the brown hyena. The black mark on top
originates from apocrine glands and the white mark from separately located
sebaceous glands. (Redrawn from Mills et al., 1980.)

territories that range in size from 125 to 310 km?. Wolves RLU-mark conspicu-
ous objects in their territory such as blocks of snow, trees, rocks, or snow banks.
They re-marked the same spots even though their own odor had not faded com-
pletely, nor had other wolves marked there. Fresh marks (2-6 days old) stimulate
more marking than those 8 or more days old. Located along trails (Fig. 6.8), scent
marks will be encountered often by resident wolves, informing them if they are
still in their own territory or reaching the boundary zone with another pack’s
territory. From the age of a scent mark, wolves can tell how recently they have
been in an area. Temporarily single pack members may also read from urination
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FIGURE 6.8 Schematic sketch of distribution of raised-leg-urination marks in a
20 km wide territory of a wolf pack. Dots are urine marks, lines are trails. Higher
marking density along the periphery creates a bowl-shaped pattern. Six neigh-
boring pack territories are indicated by dots in different colors. (From Peters and
Mech, 1975.)

and defecation marks whether other pack members have hunted an area recently,
if a member is nearby, or which animals are traveling together. Wolves appear
to avoid unfamiliar marks as an integral part of unfamiliar terrain (Peters and
Mech, 1975).

Urine marking in coyotes, Canis latrans, resembles that of wolves. Males also
mark with RLU (Fig. 6.9). In a study at Grand Teton National Park, Wyoming,
RLU was associated with courtship and mating, traveling, and aggression. Urine
marking becomes more frequent during the breeding season (December to
February), peaks in March, and reduces in April when the pups are born. Females
squat urinate (SQU) year round and this is associated with acquisition and pos-
session of food; it is particularly frequent during the denning season. The mark-
ing rate is higher in groups of two or more coyotes. Marking with RLU is higher
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FIGURE 6.9 Asignature urine mark (left center) on a snow bank made by a coyote.
To the right, the animal has defecated, pawed, and partially covered the feces with
snow. (Photograph: D. Miiller-Schwarze.)

inareas of high rates of intrusion than near the denning area or in areas with less-
frequent intrusions. Marking by SQU was most frequent in both denning areas
and high-intrusion areas. It was concluded that “scent odours are important in
orienting individuals in space but do not represent in and of themselves barriers
to movement” (Wells and Bekoff, 1981).

Specialized site creation for marking: beavers

Unlike most terrestrial mammals, beavers maintain territories along a
line following watercourses. Both species, the Eurasian beaver, C. fiber, and the
North American beaver, C. canadensis, dredge up mud from the bottom of their
home pond, carryitonland, depositit,and apply a scent mark on top of this mud
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FIGURE 6.10 A giantbeaver scent mound. (Vertical kitchen knife, center, for
scale). (Photograph: D. Miiller-Schwarze.)

pile. The mark on these scent mounds consists of castoreum, a urine-derived
liquid from the castor sacs, and secretion from the anal glands, also known to
trappers as oil sacs (Fig. 6.10).

Scent mounds of North American beavers are concentrated at strategic points
in a beaver territory, such as shoreside trailheads of paths leading to feeding
grounds. This suggests that beavers might use these scent mounds as “odor bea-
cons” during the night to find their currently active feeding trails. Eurasian
beavers make smaller mudpiles or mark directly on rocks or wood. Their scent
marks are often concentrated at common boundaries between territories.

It is less likely that beavers will colonize unoccupied beaver sites if these
sites are artificially scented with castoreum and anal scent secretion (Welsh and
Miiller-Schwarze, 1989).

6.10.2 Spatial distribution of scent marks in territory or home range

As we have seen in the carnivore examples, the spatial pattern of scent
marking varies between and within species. These comparative studies hint at
the function(s) of scent marking, even though we are far from understanding its
precise mechanisms. Some species mark throughout their area; some mark more
at or near the periphery, while others concentrate their marks around centers
of daily activity, or at areas of contact (or conflict) with neighbors or transients,
and still others combine some of these patterns (Table 6.2). The scent-marking
pattern can vary within a species according to ecological differences, as in the
spotted hyena.
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Table 6.2 Distribution of scent marks in mammalian territories

Territory area marked by species

Behavior, secretion

Reference

More at periphery

Wolf Canis lupus

Coyote Canis latrans

Red fox Vulpes vulpes

Spotted hyena Crocuta crocuta
Brown hyena Hyaena brunnea
Aardwolf Proteles cristatus
Water deer Hydropotes sp.
Beaver Castor fiber

More at contact zones

Tiger Panthera tigris

Wild European Rabbit
Oryctolagus cuniculus

More in center

Brown hyena H. brunnea
Woodchuck Marmota monax
Gerenuk Litocranius walleri

Honey badger Mellivora capensis

More at “activity centers”
Beaver Castor canadenss, C. fiber

Wild European rabbit O.
cuniculus

Entire area

Wolf C. lupus

River otter L. lutra

Thomson’s gazelle Gazella
thomsoni

Vicufia V. vicugna

Urine marks: RLU

Urine marks: RLU

RLU

Feces and AGS

Pasting

Latrines

Pasting, feces, urine

Feces, urine, castoreum, AGS

Urine, AGS
Chin gland secretion

Pasting
Oral angle glands
Antorbital secretion

Token urination, latrines

Castoreum, AGS

Chin gland secretion

RLU
Feces, urine, AGS
Antorbital secretion

Dung piles: feces and urine

Peters and Mech, 1975
Bowen, 1978

White et al., 1989
Kruuk, 1972

Gorman and Mills, 1984
Richardson, 1990
Sunetal., 1994

Rosell and Nolet, 1997

Smith et al., 1989
Hayes et al., 2002

Gorman and Mills, 1984
Ouellet and Ferron, 1988
Gosling, 1981

Beggetal., 2003

Miiller-Schwarze and
Heckman, 1980; Rosell
and Nolet, 1997

Hayes et al., 2002

Paquet and Fuller, 1989
Trowbridge, 1983,
Walther, 1978

Franklin, 1983

RLU, raised leg urination; AGS, anal gland secretion.

Woodchucks, M. monax, like other sciurids, possess oral angle glands and rub

their muzzle on objects such as fences, woodpiles, shrubs, rocks, or burrow
mounds. The vast majority (95%) of the scent marks are within 6 m of the burrow.
Males and females mark equally often. While social interactions are not immedi-
ately associated with marking, sighting of a conspecific, with or without interac-
tion, “may release scent marking.” Woodchucks also mark when moving into a

159



160

SIGNALING PHEROMONES I: DISCRIMINATION AND RECOGNITION

different burrow. These observations suggest that scent marking in woodchucks
advertises that a burrow is occupied. It is unclear whether marking is directed at
self or conspecifics (Ouellet and Ferron, 1988).

Free-ranging Mongolian gerbils, M. unguiculatus, mark more at territorial
boundaries, plus at their burrow entrances (Agren et al., 1989). Similarly, rabbits,
O. cuniculus, mark throughout their territory but concentrate their scent marks
at the center of a group’s area, and at boundaries with other groups’ territories
(Hayes et al., 2002).

Tigers of both sexes mark more at contact zones (Smith et al., 1989), and wolf
packs mark more frequently by RLU at the edge of their territory than in the cen-
ter (Peters and Mech, 1975). Captive red foxes, Vulpes vulpes, deposited fecal pel-
lets with anal gland secretion more frequently in the perimeter strip of a4ha pen
(White et al., 1989).

Thomson gazelles, Gazella thomsoni, mark the entire territory. An 8000 m?*
large territory had 18 dung piles and 110 preorbital marks. Dung piles were
most frequent in border sections where there were frequent agonistic encoun-
ters with neighboring territory owners. In the center of the territory was only one
dung pile, near a bedding site. The preorbital marks were arranged in a “broad
belt” around the territory. A central area remained unmarked. Walther (1978)
concluded that the scent marks were more for the owner’s own orientation than
for territorial defense.

Anotherantelope, the gerenuk (Litocranius walleri) marks an oval-shaped linein
only the corearea of its territory, with lines of scent marks extending from it radi-
ally like spokes in a wheel. This ensures that intruders will encounter some scent
marks, no matter from what angle they approach (Gosling, 1981). Similarly,
Eurasian otters, L. lutra, in coastal Scotland place feces, urine, and anal gland
secretion at so-called spraint stations along trails near the ocean at an average
rate of 266 marks/km. This insures that strange otters entering the marked area
from the sea will soon encounter a spraint site. Inland trails along streams have
only 20 marks/km. Here otters are funneled along trails and will easily encounter
scent marks. Otters mark throughout their territories, ensuring that other otters
will find a spraint station soon (Trowbridge, 1983).

Linearly arranged territories, as those of beaver, C. canadensis and C. fiber,
along a stream require yet another marking pattern. Trespassing conspecifics
are expected to arrive along the watercourse, not usually overland. Therefore, if
directed at potential invaders, marking is expected to be particularly intense at
the up-and downstream ends of the territory, and less along the banks. Eurasian
beavers mark indeed more heavily at territorial borders, and especially at the
upstream limit of their territory (Rosell et al., 1998).
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Since resources are never completely evenly distributed within a territory,
resource-related marking in many species will be concentrated in certain areas.
Herbivores with vegetation covering most of their territories will mark the
periphery and a ring farther “inland,” or a core area (“hinterland marking”), if
the territory is very large (Roberts and Gosling, 2001). After all, marking costs
the animal in terms of producing chemicals, spending time marking (instead of
foraging), and risk of predation. Pronghorn, A. americana, males undertake reg-
ular, exclusive “marking trips” along the periphery of their territory to refresh
their subauricular scent marks (Gilbert, 1973) (Fig. 6.11).

6.10.3 Marking and population density

In some rodents, scent marking intensity reflects population density:
the more scent mounds a beaver colony has, the more neighboring colonies exist.
This is true for both beaver species (Houlihan, 1989; Rosell and Nolet, 1997;
Fig.6.12). The scent marking syndrome (marking behavior plus gland structure,
size, and activity) can vary according to population density within a species in
one geographical area. The Indian gerbil, Tatera indica, one of the predominant
rodents in the Rajasthan desert of northwest India, is solitary in scrub grassland
but develops dense urban populations. The urban populations have up to 70
individuals in one burrow. This gerbil makes scent marks by a “perineal drag,”
depositing urine and sebum from the ventral gland. These glands are larger
in males than in females. Low-density populations mark more often than the
urban ones. Moreover, the gland is present in more animals of the solitary type
(91.4% of males, 38.5% of females) than those of the urban, gregarious type (85.6
and 3.2%). Experimental groups of 1, 3, 6, or 12 wild-caught males or females
from solitary grassland populations were kept in one cage. The greater the den-
sity, the more they fought and chased each other. However, the frequencies of
sebum marking, urine marking, and urination declined with density (Idris and
Prakash, 1987).

6.10.4 Marking territory with family odors

In mice, urine is the main source of social odors. Wild house mice (M.
domesticus) families over time build bizarre small posts of solidified urine by
repeated marking (Hurst, 1987; Fig. 6.13). A mouse family is habituated to its
own background odor, which permeates its living area. The ubiquitous family
odorisdominated by the odor of the dominant male and identifies the home area
toresidents as well as non-residents. (When the author trapped 26 deer mice over
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FIGURE 6.11 Markingby a pronghorn buck with his subauricular gland of a
thistle in his natural environment (top; Yellowstone National Park) and an
experimental Teflon rod (bottom). (Photograph: D. Miiller-Schwarze.)

2 weeks in his cabin in the woods, the strong mouse smell disappeared once a
big male had been caught.) Any unusual change is detected, and re-marking will
restore the familiar background odor. Any novel odor is investigated. However,
the urine marks of an unfamiliar family do not deter adult males or other mice
from invading a new area. Adult males do not investigate, and marked little, the
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FIGURE 6.12 Correlation between population density and scent marking
intensity in the beaver, Castor canadensis. (From Houlihan, 1989.)
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FIGURE 6.13 Scent turrets resulting from repeated scent marking by mice.
(Courtesy Jane Hurst.)
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urine marks of unfamiliar males. Isolated adult males are attracted to the urine
of adult females. Females investigate and mark clean areas and also investigate
the marks of adult unfamiliar males. Even a family member’s odor can be novel if
itis encountered at an unusual concentration, at an unexpected place, or against
the background of a habituated odor. A bout of marking by a resident or a famil-
iar neighbor is also treated as “novel” stimulus and can be used to communicate
with familiar mice. In this paradox, a familiar odor can become a novel odor. This
happens by virtue of contrast. As signals decay, they become part of the familiar
background. Only fresh signals are detected. Immature females maximize their
exposure to reproduction-suppressing odor cues: they investigate the urine of
resident females but not the urine of the resident adult male (which might accel-
erate their puberty; see Section 8.4.2). But subadult females investigate urine of
unfamiliar adult males (Hurst, 1989).

6.10.5 Latrine sites

Many mammals use latrine sites. They often are distributed over the
entire home range, but not particularly dense at its periphery. This is true for
civetsand spotted hyenas (Bearder and Randall, 1978; see also above) and raccoon
dogs, Nyctereutes procyonoides (Ikeda, 1984). The latrine sites of European badgers,
M. meles, are large (2-4 m?), contain feces, urine and secretions from the anal sac
and subcaudal gland, and are bigger and more visible at territory borders with
neighbor contact (Kruuk, 1978). Badgers locate their latrines under trees, par-
ticularly conifers, which are relatively rare in the English study area. Conifers
may protect the latrines from rain and render them more conspicuous than they
would be near the more common deciduous trees. The badgers also often place
the latrines near linear features such as trails, ditches, or fence lines. Differ-
ent behaviors point to specific functions: all age and sex classes participated in
squat marking with the subcaudal gland, indicating a possible general territo-
rial significance. By contrast, digging with forepaws and scratching with hind-
feet occurred in the context of mating and may signal breeding condition. The
latrines may communicate a variety of types of information (Stewart et al., 2002).

6.10.6 Effects of scent marks

The precise effects of territorial scent marks on conspecifics are still a mat-
ter of debate. They may warn of a possible agonistic encounter and/or induce a
state of increased probability to loose a fight. Gosling (1982) proposed that an
intruder matches the scent of a competitor, or of a mark it is seen to have made,
with that of other marks nearby. If the odors match, the competitor is probably
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the territory owner. This mechanism of scent matching helps the owner to reduce
the costs of territory defense.

Territorial scent marking may greatly decrease the energetic costs of main-
taining a resource-defense territory. In fact, a male mammal may only be able
to maintain such a territory if he marks it. Otherwise the costs, such as walk-
ing, defending, predation risk, staying out in the heat instead of seeking shade,
etc., outweigh the reproductive benefits. Indeed, all species with resource terri-
tories also scent mark (Gosling, 1986). Contests with other males establish the
high social status of a territory owner even before he becomes territorial. It is to
the advantage of the territory holder to be recognized as such. This saves ener-
getically expensive and risky fights with intruders. The scent marks are located
where encounters with the owner are likely. Odors of marks and the owner can
be compared. Such scent matching (Gosling, 1982) is essential for the signal to
work; information merely intrinsic to the scent mark, as assumed before, would
not suffice. In other herbivores, such as beaver, scent marks may serve in popula-
tion regulation before food becomes a limiting factor (Aleksiuk, 1968).

6.10.7 Countermarking: a visitors’ register?

Over-marking is common. The best-known example is urine marking
in dogs. How complex a visiting register can dogs read? Does only the top odor
count or can they read the complex history of odor layers? Johnston and his
group (1995) have experimentally examined the function of over-marking in
golden hamsters, M. auratus, and Hurst and coworkers (Hurst and Rich, 1999)
in wild house mice. In general, male hamsters remember and mark a female’s
vaginal secretion that is on top of an earlier mark (Johnston, et al., 1995). Female
house mice prefer a urine mark of a male mouse that is on top of that of
another male. They also prefer a male (or its odor) who had exclusively marked
or over-marked other urine marks in a territory that the female had encountered
earlier. Male mice do not completely over-mark each other’s marks. This pro-
vides information about relative competitive ability not otherwise available
(Hurst and Rich, 1999).

Neighbors and newcomers, including potential mates, can “read a story”:
unchallenged scent marks inform of exclusive territory ownership and hence a
high-quality individual, thought to be preferred in mate choice. Owners typ-
ically will destroy and/or over-mark a challenger’s scent mark found in their
own territory. This is the basis for the bioassays of beaver pheromones. An
experimental scent mound is placed in an occupied territory. Resident beavers
obliterate it by pawing and over-marking (e.g. Miiller-Schwarze, 1992). In house
mice, a single drop of competitor’s urine placed in a male’s territory not only
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increases the owner’s aggression against competitors but also reduces evasion of
this owner by other males and increases challenges against him (Hurst, 1993).
Female mice given a choice between territorial marks of exclusive (one odor)
and invaded (mixed odor) territories (in the absence of the owner) “chose” the
first odor. Therefore, females use not only the odor of the territory owner but
also the absence or presence of marks by competitors (challengers). The absence
ofany interfering mark identifies the marking male as one of high quality (Hurst
andRich, 1999). In short, individual A can read the story of interactions between
individuals B and C and act accordingly to maximize its own fitness.

6.10.8 Factors stimulating scent marking

Scent marking can be stimulated by internal and external factors. Inter-
nal factors include most importantly gonadal steroid hormones, as in Mongo-
lian gerbils, M. unguiculatus(Yahr, 1977),and the hormone-dependent high dom-
inance status, as in rabbits, O. cuniculus (Mykytowycz, 1968). External factors
include closeness to neighbors (population density), as in beaver, C. canadensis
(Miiller-Schwarze and Heckman, 1980; Houlihan, 1989), or encountering the
mark of another individual, as in canids. Beaver also increased their scent mark-
ing drastically on days when transient conspecifics were observed. Even 1 day
later the scent marking rate was still elevated (Bollinger, 1980).

Domestic female rabbits mark more when in estrus and prefer to over-mark
scent marks by males. They also prefer to mark over chin marks, as opposed
to urine and control odors, and prefer to over-mark chin marks from donors
living in a long daylight cycle over those from short-day animals (Hudson and
Vodermayer, 1992).

6.10.9 Feeding and scent marking

Feeding and scent marking are often connected: gerenuk, Litocranius
walleri, mark on frequently eaten plants. These would most likely be encoun-
tered by an arriving stranger (Gosling, 1981). Tree shrews (Tupaia glis) also mark
fig trees where they have been feeding (Kawamichi and Kawamichi, 1979).
Beavers, C. canadensis, frequently place scent marks or scent mounds at feed-
ing sites on the shore of their pond, sometimes where they have felled a
tree (author’s own observations). Marmosets (Callithrix and Cebuella spp.) place
circumgenital secretion at holes on branches that they have gouged and
extracted sap from (Lacher et al., 1981). This marking of favored food trees may
communicate information on food resources and avoid aggression, since several
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groups feed and mark in the same area but avoid each other (Epple et al., 1986;
Roberts and Gosling, 2001).

In coyotes, C. latrans, SQU by females is associated with acquisition and pos-
session of food, and the denning season (Wells and Bekoff, 1981). Red foxes, V.
vulpes, urine mark a buried food cache at each visit; the more depleted it is, the
more urine odor has accumulated, amounting to “book-keeping” (Henry, 1980).
Foxes urine mark inedible food remains on repeated visits. This “no-food-left”
signal, in turn, decreases the foxes’ interest, and they investigate the site very
little (Henry, 1980). Here, an animal may chemo-communicate with #tself about
food. Wolves, C. lupus, also urine mark their food caches (Harrington, 1981).

The latrine sites of European badgers, M. meles, also relate to food resources.
In a 2-year study of a Mediterranean coastal population, the badgers produced
more latrines in a year with few fruit because of a drought. This suggests
increased defense of a scarce resource (Pigozzi, 1990).

Otters, L. lutra, scent mark with feces, called spraints in Britain. One study
noted 12 times more frequent marking in winter when food is scarce than in
summer. Spraints perhaps advertise depletion of patchy, recurrent resources to
other otters and space out the animals. This non-competitive resource partition-
ing does not require agonistic reinforcement (Kruuk, 1992). Carnivores in gen-
eral may heavily mark stable resource patches (Macdonald, 1980).

6.10.10 Sex differences in scent marking

Some glands and secretions are unique to one sex, such as preputial
glands in males or vaginal secretion in females. Examples of skin glands typical
for one sex are the subauricular and dorsal glands in the male pronghorn. Other
glands occur in both sexes, such as the castor sacs and anal glands in beavers,
and flank glands in golden hamsters. Even when present in both sexes, secre-
tions may differ in composition, visible by differing color or viscosity, as in the
anal gland secretion of both species of beavers (Grgnneberg, 1978-79; Schulte
etal., 1995; Rosell and Sun, 1999). Although urine, feces, and saliva are common
to both sexes, sex-specific accessory gland secretions may be added. Also urine
mar