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Abstract This manuscript reviews the chemical ecology of
two of the major aquatic animal models, fish and
crustaceans, in the study of chemoreception. By necessity,
it is restricted in scope, with most emphasis placed on
teleost fish and decapod crustaceans. First, we describe the
nature of the chemical world perceived by fish and
crustaceans, giving examples of the abilities of these
animals to analyze complex natural odors. Fish and
crustaceans share the same environments and have evolved
some similar chemosensory features: the ability to detect
and discern mixtures of small metabolites in highly variable
backgrounds and to use this information to identify food,
mates, predators, and habitat. Next, we give examples of
the molecular nature of some of these natural products,
including a description of methodologies used to identify
them. Both fish and crustaceans use their olfactory and
gustatory systems to detect amino acids, amines, and
nucleotides, among many other compounds, while fish
olfactory systems also detect mixtures of sex steroids and
prostaglandins with high specificity and sensitivity. Third,
we discuss the importance of plasticity in chemical sensing
by fish and crustaceans. Finally, we conclude with a
description of how natural chemical stimuli are processed
by chemosensory systems. In both fishes and crustaceans,
the olfactory system is especially adept at mixture discrim-
ination, while gustation is well suited to facilitate precise
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localization and ingestion of food. The behaviors of both
fish and crustaceans can be defined by the chemical worlds
in which they live and the abilities of their nervous systems
to detect and identify specific features in their domains. An
understanding of these worlds and the sensory systems that
provide the animals with information about them provides
insight into the chemical ecology of these species.
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Chemical Senses in the Aquatic Medium

Aquatic organisms evolved in a world of dissolved
chemicals, and this resulted in the appearance of numerous
types of chemosensory systems. As in terrestrial organisms,
the senses of olfaction and gustation are usually identified
as the main chemosensory systems in aquatic organisms,
although the distinctions between them are somewhat
blurred. This is because the primary distinction between
these senses in terrestrial organisms—the physical medium
through which chemical molecules are delivered to animals
(air for olfaction and water for gustation)—does not apply
in aquatic systems. Thus, a second basis for distinguishing
between olfaction and gustation—neuroanatomy—becomes
particularly relevant for aquatic animals. However, this
distinction is more useful for vertebrates than invertebrates,
whose neuroanatomy differs. In aquatic vertebrates, like all
vertebrates, olfaction is defined as the sense mediated by
neurons with axons in the olfactory nerve (cranial nerve I).
In addition, a common feature of olfaction in vertebrates
and many invertebrates is that the first-order processing
regions in their brains are organized into glomeruli, which
contain the synapses between the olfactory receptor neurons
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and interneurons, and that these brain regions have a
chemotopic organization such that different odorants gener-
ate distinctive patterns of glomerular activity (Hildebrand
and Shepherd 1997; Eisthen 2002; Ache and Young 2005).
Gustation in vertebrates, on the other hand, is mediated by
non-neuronal, modified epithelial cells that are innervated
by the facial (cranial nerve VII), glossopharyngeal (cranial
nerve I1X), and vagal (cranial nerve X) nerves that project to
different brain structures and appear to have different
functions (Atema 1977; Caprio et al. 1993). Another way
that olfaction and gustation can be distinguished is by their
function: Gustation is more apt to mediate simple and
reflexive behaviors, food consummatory behaviors in
particular, whereas olfaction tends to mediate more com-
plex behaviors such as searching for distant sources of
chemicals, courtship behavior, and learning about odors
(Atema 1977).

Besides olfaction and gustation, both fish and crusta-
ceans have a diversity of other, less understood chemical
senses. Fish have a trigeminal system and solitary chemo-
receptor cells that cover their bodies (Kapoor and Finger
2003), whose functions are not yet clearly established.
Crustaceans have a diversity of chemoreceptor neurons that
differ in their packaging within sensilla, their connections
and organization in the central nervous system, and the
behaviors that they mediate (Horner et al. 2006, 2008b).
One pathway of crustaceans—the aesthetasc sensilla and
the olfactory lobe pathway—is considered ‘olfactory’
because of organizational similarities between it and the
olfactory pathways of vertebrates and insects. While other
crustacean chemosensors are typically packaged with
mechanosensors into sensilla, these sensilla are extremely
diverse in structure and distributed differently across the
animal’s body surface where they serve different behavioral
functions (see “Processing of Natural Chemical Stimuli”).
Regardless of how chemosensory systems are defined, it is
important to recognize that aquatic organisms have a
variety of chemosensory systems whose neuroanatomical
structures and functions vary dramatically.

The Chemical World Perceived by Fish
and Crustaceans

Aquatic animals detect, discriminate, and respond to a
wealth of chemicals in their natural environment. This
diversity is immense, as aquatic organisms in general
release literally thousands of small and soluble products
that can carry information. Notably, most of the compounds
found in aquatic environments are relatively unspecialized
metabolic products (Atema 1988; Carr 1988). With the
possible exception of some pheromones (Sorensen and
Stacey 1999), there is little evolutionary pressure for

organisms to produce specialized chemicals that facilitate
their discrimination. Chemoreception is basic to meeting
most biological needs of organisms, including those related
to reproduction, social interactions, acquiring food and
shelter, and defense from predators. Of course, this is
particularly true in waters with low light levels. For the
most part, chemoreception in aquatic ecosystems requires the
detection of small differences in mixture composition in
complex backgrounds, as opposed to detection of a few
specialized compounds. In the next section, we give select
examples of the discriminatory abilities of fish and crusta-
ceans that focus on the nature of their chemical worlds and
their abilities to detect, discriminate, and respond to them. A
discussion of the molecular identity of important chemicals
and how they are neurally processed follows later.

Fish

Fish use chemicals that mediate many key aspects of their
lives, most of which are poorly understood but appear
highly complex. Among the most important are habitat
recognition, food finding, conspecific identification, and
predator avoidance. Fish are the most diverse group of
vertebrates, represented by more than 26,000 species that
live in an immense variety of habitats. The type, concen-
tration, and distribution of chemicals in their environments
are all important factors in determining the chemical
ecology and life history strategies. Because of this vast
diversity, our review considers only a small number of fish
species and situations, so we have selected representative
examples.

Most species of fish are highly mobile and exhibit a
variety of complex behaviors, many of which depend on
them having information about their environment. Ablation
studies often demonstrate that the type and location of
habitat is determined by using environmental chemicals as
cues. Although some species, such as freshwater bass, live
in and compete for limited territories, other species are
migratory and travel great distances only to return to very
specific locations to reproduce. For example, Pacific
salmon are born in small inland streams and then migrate
to oceans to feed but eventually return ‘home’ by using
olfactory cues (Hasler and Scholz 1983). A variety of
studies demonstrate that the chemical nature of ‘home
stream’ odor is learned. Salmon select between proximate
streams when returning home by choosing the stream in
which they were raised many years earlier. Given the
proximity and ecological similarities of the streams among
which Pacific salmon must choose, it has been suggested
that the odor that they learn is complex and comprised of
mixtures of compounds from minerals, plants, and animals
(Hasler and Wisby 1951; Nordeng 1977). Salmon can
identify stream odors after many years at sea and
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environmental change, demonstrating their remarkable
ability to recognize patterns. Another interesting example
of olfactory-driven migration is the parasitic sea lamprey,
which has a similar life history to salmon except that it does
not return to home streams but rather selects streams that
contain young lamprey. Lamprey recognize home streams
by using innately recognized pheromones released by larval
lamprey in combination with other unknown compounds
found in all stream waters (Sorensen et al. 2003, 2005;
Sorensen and Hoye 2007). A third example is the use of
olfactory cues by non-migratory fish to identify home
ranges within streams—difference in the odor mixtures
they discriminate must be subtle (Gunning 1959;
Arnesen and Stabell 1992). These three examples demon-
strate that fish discriminate complex matrices of water-
borne chemicals and can remember and track them
through space and time by using their olfactory systems
that demonstrate sophisticated perceptual abilities.

As most fishermen know, fish are also adept at using
chemicals to identify and locate food, even in turbid, deep,
or dark waters. This highlights the outstanding ability of
fish to perceive chemicals associated with food and may
even be partially responsible for the evolutionary success of
fish in exploiting diverse feeding niches (Moyle and Cech
2000). Both olfaction and gustation are used in distinguish-
ing between similar types of food. Most fish are ‘feeding
generalists’ with keenly developed abilities to identify and
locate a range of foods based on their nutritive values, even
in changing environments in which the relative abundance
of specific prey may dramatically shift. Notably, fish have
evolved multiple suites of feeding behaviors, including
appetitive and consummatory behaviors (Jones 1992;
Valentin¢i¢ 2005). These behaviors are mediated by both
olfaction and gustation, which can detect overlapping sets
of relatively common metabolic products. L-Amino acids
are the most important of these, but other classes are known
(see below). Species differences in sensitivity to these
classes of chemical stimuli are common, and almost
certainly, there are innate abilities to learn certain types of
stimuli (Jones 1992). These abilities may be mediated by
the gustatory sense, which is generally more narrowly
tuned and often linked to mechanistic responses. Neverthe-
less, in the natural world, most feeding chemical stimuli
appear to be discriminated as complex mixtures. For
example, Carr (1982) reports that mixtures of 17 to 22
amino acids plus betaine could account for the majority,
though not all, of the feeding activity elicited by four
natural food items for the pigfish but not the related pinfish.
Finally, as one might expect, selection of food by at least
some marine fish is influenced by their detection of
deterrent molecules, such as alkaloids, tetrodotoxin, and
acids. This subject has received considerable attention from
chemical ecologists but, unfortunately, little work from
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neuroscientists (Hara 1994; Hay 1996, Kicklighter et al.
2005; Hayden et al. 2007; Kamio et al. 2007; Cohen et al.
2008).

Of course, fish do more than hide and eat. Pheromones,
here defined as sets of chemicals that convey information
about an individual’s identity and condition to other
members of its species, play essential roles in the sexual
and social life histories of most fishes (Stacey and Sorensen
2005). Olfactory blocking studies consistently demon-
strate that olfaction mediates the perception of sex
pheromones, which are often so important that anosmic
fish simply fail to mate (Stacey and Kyle 1983). Finding
and identifying conspecifics of appropriate maturity in
complex natural environments can be challenging, so
mating in even highly visual species such as swordtails is
almost always assisted by pheromones (Wong et al. 2005).
Intraspecific cues and pheromones can have multiple
functions. Among these, species recognition for the
purpose of aggregation or schooling is paramount.
Although the chemical basis of aggregation is not clear,
variations in metabolite production—rather than produc-
tion of novel, species-specific compounds—are likely
responsible (Sorensen and Stacey 1999). Odor recognition
systems tuned to small variations in mixture composition
should provide species-specific information. In addition to
using olfaction for species recognition, some fish, including
sticklebacks and salmon, use odors to determine kinship.
These odors may include major histocompatibility com-
plex-related peptides (Reusch et al. 2002; Ward and Hart
2002). Finally, almost all fish are able to discriminate
reproductive state by using sex pheromones that they detect
with high sensitivity and specificity (Stacey and Sorensen
2005). Hormonally derived signals are especially important,
presumably because of their inherent relevance (Stacey and
Sorensen 2005). However, hormone systems are highly
conserved, thus providing little latitude for the evolution of
novel hormonal products and their receptors, and some
species have evolved to use a wider range of products (Li et
al. 2002; Yambe et al. 2007).

In addition to sex pheromones, many fish can detect
intraspecific chemicals that indicate danger, in particular,
chemicals from conspecifics injured by predators (Smith
1992; Deving et al. 2005). However, injured fish release a
variety of chemicals, some of which (e.g., amino acids)
may be food cues in some contexts. Since the first
description of the alarm response in European minnows in
the field by von Frisch (1938), at least six types of
compounds or their mixtures have been proposed to
mediate alarm responses, with the purine hypoxanthine-3-
N-oxide receiving the most attention (Pfeiffer et al. 1985;
Brown et al. 2000, 2003). However, none of the suggested
bioactive molecules has received supporting evidence from
electrophysiological recordings or chemical measurements.
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Interestingly, several studies suggest that the alarm cues can
be learned (Wisenden 2000), raising the possibility that
multiple types or mixtures of chemicals may be involved.
The observation that fish recognize chemicals released by
predators that have eaten conspecifics—presumably con-
specific alarm cues that remain functional after being
digested by the predators (Brown et al. 1993)—supports
this possibility. Alarm cues from injured conspecifics are
mediated by the olfactory system (Maniak et al. 2000;
Deving et al. 2005).

In summary, fish live in complex environments wherein
they face extreme challenges in finding shelter, mates, and
food, while at the same time avoiding predators. They use
their chemical senses in these behaviors by discriminating
complex (though, at present, often incompletely defined)
chemical mixtures of relatively common molecules. These
abilities have allowed fish to succeed and diversify,
becoming the majority of planet’s vertebrate biomass and
biodiversity.

Crustaceans

Crustaceans, like fish, rely on combinations of sophisticated
chemosensory systems to identify and locate food, mates,
and predators in noisy chemical environments filled with a
multitude of products. The best studied chemosensory
behavior in crustaceans is the selection and acquisition of
food. Crustaceans use antennular chemoreception to iden-
tify attractive food (Derby 2000; Derby et al. 2001) and
locate it from a distance (Atema 1996; Zimmer and Butman
2000; Grasso and Basil 2002; Weissburg et al. 2002; Keller
and Weissburg 2004). Amino acids and nucleotides are two
major sets of molecules that they use. Once near the food,
ingestion is based on input from their gustatory systems on
legs and mouthparts (Derby 2000; Derby et al. 2001). Food
selection and ingestion is influenced by the blend of
attractive and deterrent compounds, although we know
more about the former than the latter (Derby et al. 2001;
Prusak et al. 2005; Kamio et al. 2007). Some crustaceans
can learn to avoid food associated with gastric malaise
(Wight et al. 1990).

Crustaceans make use of chemical signals in most
aspects of their reproduction. They use sex pheromones
to identify and locate conspecifics of the opposite sex.
Copepods, amphipods, shrimp, crabs, lobsters, and
crayfish are leading examples (Gleeson 1991; Asai et al.
2000; Hardege et al. 2002; Kamio et al. 2002, 2008;
Stebbing et al. 2003; Ting and Snell 2003; Caskey and
Bauer 2005; Ekerholm and Hallberg 2005; Belanger and
Moore 2006; Atema and Steinbach 2007). Some sex
pheromones are detected from a distance, others seem to
be used in close range, even requiring contact. Chemical
cues are also used in other aspects of reproduction. For

example, many female crustaceans incubate their fertilized
eggs, and chemicals released from hatching eggs induce
abdominal pumping, fanning, and other behaviors from the
females that facilitate the rapid and synchronized hatching
of eggs and release of larvae (Tankersley et al. 2002;
Rittschof and Cohen 2004).

Crustaceans use chemical cues during intraspecific
interactions and social behavior. These chemicals are often
in their urine and under controlled release so that they can
be used at appropriate times during behavioral interactions
(Breithaupt 2001; Breithaupt and Atema 2000; Breithaupt
and Eger 2002; Moore and Bergman 2005; Moore 2007).
Some crustaceans, such as lobsters and hermit crabs, use
cues to recognize individual conspecifics (Johnson and
Atema 2005; Gherardi et al. 2005). Others, such as
crayfish, use cues to determine social status (Moore and
Bergman 2005; Moore 2007). Lobsters use chemical
information in aggressive interactions with conspecific
(Breithaupt and Atema 2000). Spiny lobsters, which are
highly social animals that often live in aggregations, use
chemicals to identify each other and find safe shelter
(Zimmer-Faust et al. 1985; Nevitt et al. 2004; Briones-
Fourzan and Lozano-Alvarez 2005; Horner et al. 2006,
2008b). Spiny lobsters even recognize diseased conspe-
cifics through chemical cues and avoid aggregating with
them (Behringer et al. 2006). Young crayfish, which
associate with their mother for some days after hatching,
can locate her, as well as the shelter that she provides, by
means of chemicals that she releases around the time of
hatching (Little 1975). This cue appears not be specific to
mother but is sex specific (Little 1976).

Crustaceans use chemicals to locate high-quality shelter
or places to live. A well-known and long-studied example is
the selection of sites to settle by larval barnacles (Dreanno
et al. 2006a, b). Crustaceans such as pea crabs that live as
commensals or symbionts with other organisms use
chemical cues to locate their future hosts (Grove and
Woodin 1996). Chemical cues are also used by hermit crabs
to recognize shells as future homes (Rittschof and Cohen
2004).

Crustaceans also use chemoreception to avoid predators.
Some can sense predators from a distance and thereby
avoid them. Examples include crayfish and spiny lobsters
(Berger and Butler 2001; Bouwma and Hazlett 2001).
Predator avoidance can also be mediated through a less
direct mechanism. Some crustaceans release chemicals
when damaged, via leakage of body fluids, or when
disturbed, via controlled release in urine, and these
chemicals are avoided by conspecifics. Examples of species
that use alarm cues include crayfish, spiny lobsters, and
hermit crabs (Hazlett 1994; Zimmer-Faust et al. 1985;
Rittschof et al. 1992; Nevitt et al. 2000; Zulandt Schneider
and Moore 2000; Shabani et al. 2006; Bouwma 2007).
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The Molecular Identity of Chemical Cues and Signals
Methods of Identification

The identity of bioactive molecules can be elucidated by
using natural products chemistry techniques together with
bioassays, based on any of several experimental approaches.
Bioassay-guided fractionation is a standard technique that
makes no assumptions about the nature of the bioactive
substances. By this method, a natural product is separated
into fractions based on any of a number of properties,
including solubility in solvents of different polarity, molec-
ular mass, and molecular charge. One method is a Kupchan
partition scheme or modifications thereof, which is based on
partitions differing in solubility—hexanes, chloroform, ethyl
acetate, butanol, or water (Kupchan et al. 1975). With each
separation, the resultant fractions are tested for bioactivity,
usually with behavioral or electrophysiological assays.
Comparison of the bioactivity of the fractions vs. the
original material and a negative control allows identifica-
tion of fractions that contain active molecules. When a
natural product has more than one active ingredient, more
than one fraction may have activity. It is often possible to
separate bioactive molecules to sufficient purity to
identify them through mass spectroscopy, nuclear mag-
netic resonance (NMR), or other analytical procedures.
Databases such as Marinlit (http://www.chem.canterbury.
ac.nz/marinlit/marinlit.shtml) and Chenomx NMR suite
(http://www.chenomx.com), which contain known mole-
cules, can be searched using known features of the
bioactive molecules to identify possible molecular struc-
tures. Potential problems with this approach include
degradation of bioactive molecules during separation and
purification, and synergistic interactions among bioactive
molecules that partition into different fractions such that
their activity cannot be followed.

A second experimental approach to the molecular
identification of chemical cues and signals is to determine
which molecules are in relatively high concentration in the
natural extracts that contain them. For example, when
seeking a female sex pheromone in crustaceans, one might
identify molecules in higher concentration in water from
reproductive females compared to water from conspecifics
that do not produce the pheromone. An example of this is
the use of metabolomics to identify sex pheromones in blue
crabs (Kamio et al. 2006). Metabolomics is a high-
throughput approach to identify molecules enriched in or
unique to one stimulus vs. another, usually focusing on
small metabolites. Metabolomics has the advantage of not
requiring purification of a component but can be based on
spectra from mixtures (Daviss 2005). It can use data from
either mass spectroscopy or NMR. This approach does not
guarantee identification of bioactive molecules, in part

@ Springer

because the bioactive molecules are not necessarily those in
high concentrations, especially in the fishes whose pher-
omones can be common hormonal products (Sorensen and
Scott 1994).

A third approach is searching for specific types of
chemicals based on knowledge of the chemistry or biology
of a system. For example, when ink secretions from sea
hares were found to excite lobster chemosensory neurons,
knowing that many of those neurons are sensitive to amino
acids prompted amino acid analysis of the sea hare
secretions and the eventual demonstration that amino acids
in those secretions play an important defensive role
(Kicklighter et al. 2005; Derby et al. 2007).

Fish

Fish perceive complex mixtures that contain a diversity of
types of chemicals. Although there is presently no complete
explanation for these perceptual abilities, electrophysiolog-
ical studies have identified seven major classes of chemical
stimuli that explain some of these abilities. These classes
are amino acids, amines, nucleotides, bile acids (reduced
steroids produced by the liver), aminosterols (a special class
of bile steroids conjugated with amines), sex steroids, and
prostaglandins. These compounds are all small (<8 kD),
polar, and ubiquitous (Carr 1988; Hara 1994, 2007; Carr et
al. 1996; Caprio and Derby 2007). There is overlap among
classes—for example, both bile acids and sex steroids are
steroids, and the relationship between olfactory receptor
type and ligand class is not yet clear, so these categories of
chemicals may mean more to biochemists than they do to
the fish. Almost certainly, more classes of chemical stimuli
await identification. Here, we briefly review our current
understanding of known stimuli and how they are perceived
by fish.

The chemical nature of food cues is best understood.
Amino acids appear to be universally used by fish in this
regard, likely because most are predators and have high
protein requirements, and thus, amino acids are good
indicators of high-quality food. Laboratory studies consis-
tently demonstrate that specific mixtures of L-amino acids
can attract many fish species and that single amino acids
sometimes trigger reflexive snapping and biting behaviors,
which at least on occasion are linked with the gustatory
sense (Mackie 1982; Caprio et al. 1993; Hara 1994; Carr et
al. 1996). Electrophysiological recordings demonstrate that
fish olfactory systems detect all primary L-amino acids with
high (nanomolar) sensitivity and specificity (Hara 1994,
2007). Fish external gustatory systems also detect L-amino
acids, although often with much narrower ranges of
sensitivity and, generally, in species-specific manners (Hara
2007; see below). This difference in the sensitivity of fish
olfactory and gustatory systems is correlated with the
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different but overlapping functions of these systems (see
“Processing of Natural Chemical Stimuli”).

Although amino acids are critical to food recognition,
other molecules also are employed. The detailed studies on
food recognition and ingestion show that L-amino acids
rarely can explain all behaviors (Atema et al. 1980; Carr
1982; Carr et al. 1996). Indeed, in the case of marine fishes,
betaine (a methylated amino acid) and D-amino acids, both
present in marine environments, are important gustatory
stimulants that can enhance the actions of amino acids (Carr
1982; Carr et al. 1996; Sorensen and Caprio 1998).
Polyamines, which are protein breakdown products, are
powerful stimulants of feeding arousal and search in
goldfish due to their activation of specific olfactory path-
ways (Rolen et al. 2003). Nucleotides, which stimulate the
olfactory and gustatory systems of many fish, have roles
too (Carr 1988; Carr et al. 1996). Other bioactive chemicals
will almost certainly come to light with further investiga-
tion. The blend of chemicals in a mixture is important to its
efficacy, especially in olfactory-driven arousal and search
behaviors. In summary, a wide variety of nitrogenous
products serve as feeding cues for fish, although other
bioactive chemicals, some yet to be identified, surely
contribute.

With the exception of the sea lamprey (see below), little
is known about the identities of chemical cues employed by
fish to recognize the location or type of habitat. For species
such as landlocked masu salmon that learn locational odors,
the challenge is especially complex, although behavioral
tests suggest that mixtures of L-amino acids are an
important part of home stream odor recognition (Shoji et
al. 2003). It is difficult to envision that amino acids are the
sole contributors to home stream odor in more complex
ecosystems because they are ubiquitous and their concen-
trations change with time and location. Suggestions that
bile acids that originate from fish contribute to home stream
odor (Deving et al. 1980) are intriguing, especially because
they are detected by fish olfactory systems with great
sensitivity and specificity. However, they are relatively
generic and vary little among species (Sorensen, unpub-
lished). Complex mixtures that contain many classes of
chemicals are most likely to be important. Even for the
relatively simple sea lamprey, mixtures are important.
Using bioassay-guided fractionation, Sorensen et al.
(2005) discovered three new sulfated steroids—petromy-
zonamine disulfate, petromyzosterol disulfate, and petro-
myzonol sulfate—that are released by larval lamprey and
attract adults at concentrations below 10 > M. All three
components stimulate the olfactory system with great
specificity, and while they will attract migratory adults on
their own, they synergize each other’s actions, especially in
the context of stream water (Sorensen et al. 2003). Other
unidentified minor components exist in this mixture (Fine

et al. 2004, unpublished). Why the ancient and relatively
simple lamprey has evolved a multi-component pheromone
is unclear, but it may relate to the challenges they face in
locating home streams at great distances.

The vast majority of fish species appear able to detect
and discriminate sex steroids and F-series prostaglandins as
hormonal pheromones (Stacey and Sorensen 2005). Indeed,
the olfactory systems of dozens of species from a variety of
taxa (cyprinids, salmonids, and gobids) are able to detect
hormonal products with high sensitivity and specificity, and
in about half a dozen instances, biological responses have
been noted as well (Stacey and Sorensen 2005). Critical to
the detection of sex steroids is the number of carbons in the
steroid nucleus, absence or presence of a conjugating
group, and side-chain position and structure (Sorensen et
al. 1990; Stacey and Sorensen 2005). Most sex steroid
products are relatively common, and for the most part,
species from the same genus share the same sensitivities.
Thus, sex steroids alone cannot be responsible for species
specificity. To date, only prostaglandin F2o« and its
immediate metabolites have been shown to be especially
active stimulants for an entire taxonomic group (e.g.,
minnows; Stacey and Sorensen 2005). We speculate that
signal specificity resides with contextual cues such as body
odor and acute sensitivity to the composition of odorant
mixtures,

To address how fish employ sex pheromones, we briefly
review the goldfish, the best understood example. Similar
to many external-fertilizing temperate freshwater fish,
goldfish ovulate in the spring in response to a surge in a
luteinizing hormone, which triggers a series of gonadal
hormonal surges whose by-products function as potent sex
pheromones. This system may have evolved because males
that could predict female spawning by detecting released
hormonal metabolites had a reproductive advantage. Three
sets of female cues are known. The first is released by
mature females and is associated with estradiol (Kobayashi
et al. 2002). The second is released 12 h before spawning
by ovulatory females and functions as a preovulatory
primer with endocrinological actions. This pheromone is
comprised of a mixture of at least two common sex steroid
hormones, androstenedione and 17,20(3-dihdroxy-4-
pregnen-3-one (17,203P), and one metabolite, 17,2003-
dihdroxy-4-pregnen-3-one-20-sulfate (17,20 3P-S), the ratio
of which shifts during the course of the reproductive cycle
during which time dozens of steroids are released (Sorensen
and Scott 1994). All three components are potent olfactory
stimulants and detected by different, specific receptor sites.
Male fish identify these chemicals as a mixture and exhibit
a strong endocrine response (leading to sperm production)
when 17,20[3P is highest and a behavioral response when
17,203P-S is highest (Sorensen et al. 1995; Poling et al.
2001). The third, post-ovulatory pheromone is a mixture of
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F prostaglandins that is released by ovulated females in
their urine in pulses, thus suggesting that odor concentra-
tion and context are also important to cue function
(Sorensen et al. 1988; Appelt and Sorensen 2007). Recent
data also suggest that cue specificity is determined by
critical but unknown components in goldfish body odor, for
if this odor is modified, responses to hormonal pheromones
are greatly reduced (Sorensen et al. 2000). The reliance of
goldfish on common hormonal mixtures together with
context is so striking that we believe that this strategy is
probably commonplace in fish.

Finally, several studies have investigated the chemistry
of alarm signals, without clear resolution. Hypoxanthine-3-
N-oxide, peptides, purines, proteins, and their mixtures
have all been suggested to function as alarm signals (Brown
et al. 2000, 2003; Dgving et al. 2005). Some evidence
exists that mixtures of nitrogen oxides may mediate alarm
responses in somewhat taxon-specific manners (Brown et
al. 2003), but data on release of these chemicals by fish and
chemosensitivity to them are lacking.

In summary, substantial subsets of various metabolic
products, some specialized and most not, are identified by
fish olfactory and gustatory systems as meaningful chem-
icals that are then used to mediate an array of behaviors.
Other unidentified chemicals are undoubtedly important.
These stimuli occur and only have biological relevance as
mixtures.

Crustaceans

Feeding stimulants are some of the most studied and best
understood molecules in the chemical ecology of crusta-
ceans. Trophic level accounts for some of the differences in
the identity of feeding stimuli of crustaceans. Carnivores
such as lobsters (Homarus) and spiny lobsters (Panulirus)
respond best to small, nitrogen-containing compounds that
are prevalent in tissues of their animal prey. These
compounds include many that are also feeding stimulants
for fish, including amino acids, amines, nucleotides, and
peptides (Zimmer-Faust and Case 1982a; Carr 1988; Derby
and Atema 1988; Zimmer-Faust 1993). Carnivorous crus-
taceans are relatively insensitive to carbohydrates and
sugars. Herbivores and omnivores, such as fiddler crabs,
ghost crabs, kelp crabs, and crayfish, are often sensitive to
sugars common to plants, bacteria, and diatoms, as well as
to some amino acids (Robertson et al. 1981; Zimmer-Faust
and Case 1982b; Trott and Robertson 1984; Weissburg and
Zimmer-Faust 1991; Archdale and Anraku 2005; Corotto et
al. 2007). Selection of food by crustaceans is also
controlled by the presence of feeding deterrents, yet the
molecular identity of these deterrents is much more poorly
understood than for the stimulants. An example of
identified feeding deterrents is in crayfish, which are
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deterred from ingesting plants that contain phenylpropa-
noid-based natural products and a C-18 acetylenic acid
(Prusak et al. 2005; Lane and Kubanek 2006; Parker et al.
2007).

Larval settlement factors have been studied with great
interest for decades due to their economic impact. There-
fore, the recent molecular identification of the factor was
highly anticipated and gratefully received (Dreanno et al.
20064, b). The bioactive molecule is a 169-kD glycoprotein
called settlement-inducing protein complex, which has 30%
similarity to o;-macroglobulins. The observation that small
and specific peptides evoke settlement (Rittschof and
Cohen 2004) makes sense in light of knowing the identity
of the protein.

Sex pheromones in crustaceans also have been intensely
investigated but without much success in identifying the
active molecules. The pheromone used by male copepods
(Tigriopus japonicus) to recognize females has been
partially characterized—and interestingly, it too has simi-
larity to oy-macroglobulin (Ting and Snell 2003). Efforts to
identify sex pheromones in decapod crustaceans, such as
crabs, crayfish, clawed lobsters, and spiny lobsters, have
not led to the conclusive identification of the molecular
structures (Gleeson 1991; Asai et al. 2000; Hardege et al.
2002; Kamio et al. 2002, 2006; Atema and Steinbach
2007). Efforts to identify pheromones on these and other
species continue (J. Hardege, personal communication; M.
Kamio, personal communication).

Plasticity
The Importance of Plasticity

The ability to adaptively modify chemically mediated
behaviors through experience is critical to the survival of
most animals. This is particularly true for animals that are
long-lived, mobile, and omnivorous, which is the case for
many fish and crustaceans. Plasticity occurs in several
contexts in chemoreception of fish and crustaceans,
including selection of food, social interactions with con-
specifics, and even in responses to pheromones. Some
examples are given in the next sections.

Fish

Fishes have well-developed abilities to recognize and learn
natural chemical cues. The most impressive example is that
of olfactory learning in migratory pacific salmonids, which
imprint to bouquets of stream odors during sensitive
developmental periods (Dittman et al. 1996). Although this
ability is partially attributable to developmental changes in
their olfactory epithelia (Nevitt et al. 2004), the ability of
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adults to recall olfactory memories many years later
presumably involves higher brain centers. Surely pattern
recognition is paramount to this process, which appears
sophisticated enough that fish can discriminate and remem-
ber the presence of trace amounts of chemicals to which
they are relatively insensitive, such as morpholine for
salmon (Hasler and Scholz 1983; Hara et al. 1984). It is
also apparent that combinations of odorants can be
identified as distinct ‘bouquets’ that may give the impres-
sion of mixture synergism. For example, goldfish cannot be
trained to respond to morpholine alone, but they can learn
to respond to odorant mixtures that contain morpholine
(Dodson and Bitterman 1989). Mixture perception and the
ability to learn unique odors clearly are important to place
location in salmon, which do not have a particularly notable
olfactory system from an anatomical perspective. Presum-
ably, other fishes are similar, as suggested by the examples
of food recognition in pinfish and sex pheromone discrim-
ination in goldfish. Glomerular processing in the olfactory
bulb probably plays a role in this process as described
below.

Feeding studies also provide evidence of the ability of
fish to discriminate and learn complex chemical mixtures.
Fishermen and behavioral ecologists enumerate examples
of fish that develop the ability to recognize and select
especially desirable food items as their abundance fluc-
tuates (Jones 1992). Olfaction plays a major role in this
process. For example, responses of yellowfin tuna to prey
odors shift as their diet changes (Atema et al. 1980).
Ablation studies suggest that olfaction alone mediates this
response through formation of ‘chemical search images’
(Atema et al. 1980). In this case, olfaction appears to guide
arousal and search, and vision assumes the final role of
food location. In other species, gustation rather than vision
plays the consummatory role. This plasticity does not
signify a lack of innate predisposition to respond to
particular types of prey. There are several anecdotal
examples of naive young fish responding to specific food
items (Jones 1992), a phenomenon once termed ‘specific
appetite,” which may be a gustatory attribute (see below).
The interplay between these senses warrants specific
investigation by using natural cues.

Not surprisingly, laboratory studies of associative and
instrumental learning show that some fish are adept at
learning to discriminate among different amino acids. The
channel catfish is the best understood in this regard, and
many studies demonstrate its ability to learn to discriminate
among amino acids when presented individually or in
mixtures (Valentinéi¢ et al. 2000; Valentin¢i¢ 2005).
Channel catfish can identify binary mixtures as unique
entities and as the sum of their components. Other studies
suggest that channel catfish can discriminate mixtures that
contain up a half a dozen amino acids (Valentin¢i¢ 2005),

an important ability in the natural world where feeding
stimuli are complex. While two behavioral studies suggest
these abilities are mediated by the olfactory system alone
(Atema 1977; Valentin¢i¢ and Caprio 1994), another that
used different techniques suggests that fish can learn to
recognize single amino acids via their external gustatory
system (Holland and Teeter 1981). Nevertheless, many
young fish that have not fed before respond to individual
amino acids with increased biting and swallowing, suggest-
ing at least that the internal gustatory system is innately
responsive (Jones 1992; Valentin¢i¢ and Caprio 1997; Hara
2007). Catfish also can learn to avoid eating palatable food
items that have been previously associated with distasteful
chemicals (Little 1977). Olfactory-blocked goldfish can be
trained to preferentially acquire more nutritious food
(Bitterman 1982) and to touch funnels through which
amino acids are injected, although in the latter case, their
sensitivity is reduced (Zippel et al. 1993). In summary, the
roles of olfaction and gustation in feeding can differ with
the former being more flexible. However, how experience
modifies responsiveness to natural odors is incompletely
known at present.

Finally, a few studies suggest that olfaction can mediate
learning to a wide variety of relevant stimuli. For example,
wild minnows recall the odor of predators more than 1 year
after experiencing them (Smith 1992). Goldfish may be
able to associate simple organic molecules, acids, and even
steroidal sex pheromones with feeding (Zippel et al. 1993;
Sorensen 2007).

Crustaceans

Crustaceans provide many interesting cases of experience-
dependent plasticity and learning (Krasne 1973), including
several varieties of chemosensory learning. These include
habituation, classical and operant conditioning, aversive
associative learning, and one-trial flavor avoidance learning
(Abramson and Feinman 1988; Daniel and Derby 1988;
Fine-Levy et al. 1988; Wight et al. 1990; Derby 2000;
Shuranova et al. 2005). Such learning can influence the
selection of food by crustaceans.

Learning is involved in identifying and remembering
the odor of conspecifics, including individual recognition
in crayfish, lobsters, hermit crabs, and mantis shrimp
(Caldwell and Dingle 1985; Karavanich and Atema 1998;
Breithaupt and Atema 2000; Hazlett 2003; Gherardi et al.
2005; Atema and Steinbach 2007). The formal nature of
this learning has not been fully characterized, but memories
of these odors can last for many days.

Experience can also influence selection of hosts by
commensal crabs (Derby and Atema 1980). This ability
might be useful for these crabs to relocate hosts after
leaving them to mate.
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The ability of spiny lobsters to learn food odors has been
explored intensively, largely within the context of defining
the neural basis of olfactory discrimination of mixtures
(Derby 2000; Derby et al. 2001). Spiny lobsters are able to
learn to associate food odors with danger and subsequently
to avoid searching for those odors. Differential conditioning
shows that spiny lobsters can learn to discriminate chemical
mixtures that differ only in the ratios of their components.
They can remember these odors and perform discrimination
tasks for several days (Fine-Levy et al. 1988).

A form of plasticity in chemical communication in blue
crabs has recently been demonstrated (Kamio et al. 2008).
This is not experience-dependent plasticity but context-
dependent plasticity. In this case, male crabs detect
reproductive females, move toward them, and quickly
pair-bond with them if they are immediately accessible. If
they can sense but not grab the female, however, the males
will perform a courtship display behavior that directs his
pheromone toward her. This context-dependent chemical
signaling is a form of behavioral plasticity that should
enhance reproductive success.

Processing of Natural Chemical Stimuli

Many studies of neural processing in fish and crustaceans
have used natural products and their components as
chemical stimuli. Tested stimuli include single compounds
of known biological importance and synthetic mixtures of
these components in varying degrees of complexity (Derby
2000; Valentin¢i¢ 2005). Much is known about processing
of individual food-related chemicals because their molecu-
lar identity is defined. Coding of natural products other than
food has been less thoroughly examined for sex phero-
mones and chemical deterrents. Little work has been
conducted on natural mixtures. In this section, we describe
the organization of the chemosensory systems of fish and
crustaceans, and how they code natural stimuli.

Fish

The olfactory and gustatory systems of fish are distinctly
different senses that mediate different aspects of chemical
recognition and drive different behaviors. Olfaction, not
gustation, is used to identify and locate pheromones. On the
other hand, both olfaction and gustation mediate aspects of
feeding, though the specific roles of each appear to depend
on the species, feeding experience, and other factors.
Information from the olfactory and gustatory systems is
probably integrated at higher neural levels, driving what to
an outside observer might seem to be a single continuum of
behaviors. Exactly where this occurs in the brain is not yet
known. Here, we describe the neurobiology of these
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systems, elements of which are recently reviewed by
Caprio and Derby (2007), with the aim of outlining how
natural chemical mixtures are perceived by fish.

The basic neural structure of the fish olfactory sense is
fundamentally similar to that of other vertebrates. It is
comprised of three elements: olfactory receptor neurons
(ORNSs) located in the olfactory epithelium, glomeruli in the
olfactory bulb into which ORNs converge, and output
neurons (mitral cells) that convey information from the
glomeruli to the forebrain where further processing occurs
(Michel 2006; Caprio and Derby 2007). Fish have three
major types of ORNGs: ciliated, microvillar, and crypt cells.
These cells express particular types of olfactory receptor
molecules, second messengers, channels, and other mole-
cules associated with transduction, suggesting that they
have specific and different roles. Current evidence suggests
that microvillar cells detect amino acids and that ciliated
cells detect all other cues and perhaps some amino acids.
Nevertheless, the coding of olfactory information commen-
ces with the olfactory receptors, which are seven-trans-
membrane G-protein linked proteins, and the receptor cells
containing them (Caprio and Derby 2007; Saraiva and
Korsching 2007). Although the process of receptor discov-
ery is ongoing, fish species are thought to express over 100
members from three families of receptors (ORs, V1Rs, and
V2Rs; Ngai et al. 1993; Saraiva and Korsching 2007). Of
these, only one class has been functionally expressed to
date. It detects amino acids, with a specific bias to arginine,
and its activity can be predictably altered with site-directed
mutations (Luu et al. 2004). The current view is that fish
olfactory systems encode most chemical stimuli by using a
combinatorial code, whereby particular attributes of mole-
cules are discriminated by the activity of specific combina-
tions of receptors, the pattern of which conveys identity of
the molecules. Such a code should be both versatile and
specific, but it would require neural mechanisms capable of
encoding complex patterns of receptor binding—an attri-
bute of the olfactory bulb. In addition to a combinational
scheme for identifying general odors, such as those
associated with food, a simpler scheme based on one or a
few receptor types may be used to identify sex pheromones
(Friedrich and Korsching 1998; Sorensen and Sato 2005).

All ORNS s that share the same receptor type converge on
the same glomeruli in the olfactory bulb, where the neural
signal is enhanced and modulated by interneurons that
extend from other glomeruli or by centrifugal input from
higher levels of the central nervous system. Because
glomeruli with similar chemosensitivity are located close
to each other, the result is a systematic three-dimensional
chemotopic map of chemical identities across the bulb
(Friedrich and Korsching 1998; Nikonov and Caprio 2001).
Odorants such as sex pheromones appear to be detected by
fewer, specialized neurons (Friedrich and Korsching 1998),
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although electroencephalogram recordings from goldfish
bulb suggest that these units receive significant inhibitory
input (Hanson 2001), so they are not true ‘labeled lines.’
Indeed, glomeruli in the olfactory bulb are extensively
interconnected, as mitral cells project to more than one
glomerulus and local interneuronal connections are exten-
sive. Thus, there is considerable potential for complex but
orderly processing of mixture information, perhaps from
multiple classes of odorants, in the fish olfactory bulb (Hara
1970), likely creating distinctive olfactory ‘fingerprints’ for
natural odor sources including conspecifics, as occurs in the
mouse (Schaefer et al. 2001)

Chemical information is passed from the olfactory bulb
to the forebrain through a series of lateral and medial
olfactory tracts whose functions have been studied in the
carps by using single odorants, as described below.
Behavioral and electrophysiological studies in the goldfish
show that the medial tracts convey sex pheromone
information (Stacey and Kyle 1983; Sorensen et al. 1991),
and the lateral tracts convey amino acid and food odor
information (Stacey and Kyle 1983; Hamdani et al. 2001).
Responses to alarm cues appear to be conveyed by special
parts of the medial tract in the closely related crucian carp
(Hamdani et al. 2000). Interestingly, some amino acid
information is also conveyed by the medial tracts in the
goldfish (Sorensen et al. 1991), suggesting that amino acids
might be perceived as part of the background body odor
component of pheromones. The forebrain of catfish
contains a chemotopic map (Nikonov et al. 2005).
Connections from the forebrain to higher brain regions
would allow integration of olfactory information with that
from visual and other systems, including gustatory, as is
required for driving multimodal behaviors such as feeding
and mating. In summary, the olfactory system contains a
network of connections that encodes the identities of
complex odor mixtures and perhaps their concentrations
in highly precise manners that should permit learning and
memory. Tests of natural odors are now needed to ascertain
the full potential of this system and whether it can explain
all of the behaviors observed in wild animals to natural
stimuli.

The anatomy and neural functions of the gustatory
system in fish are remarkably different from the olfactory
system except that the chemosensitivities of the two overlap
for food stimuli. These differences emphasize what seem to
be important distinctions in their respective roles in food
procurement. Gustation is mediated by taste buds, group-
ings of receptor cells that are derived from epithelial tissue.
These cells synapse onto primary gustatory neurons, with
each neuron typically receiving input from cells in many
buds. Several classes of genes for gustatory receptors have
been cloned in fish (Ishimaru et al. 2005), and their
chemosensitivity is beginning to be understood (Oike et

al. 2007). Some taste cells express more than one type of
receptor, which distinguishes them from olfactory cells
(Ishimaru et al. 2005). The expression and connectivity
properties of taste cells result in gustatory fibers that
respond to multiple classes of chemical stimuli but still
with specificity. Responses are concentration-dependent,
and stimulus quality seems to be encoded by overall firing
rate. There is no evidence of special processing of mixture
information (Caprio and Derby 2007). Taste bud abundance
and distribution vary enormously with fish species, espe-
cially for the external gustatory system (facial nerve; VII),
which innervates the barbels (if present) and/or the lips, and
projects to the highly structured facial lobe. Taste buds in
the oropharyngeal cavities and gill arches of all fish are
innervated by the vagal (X) and glossopharyngeal nerves
(IX), which project to the vagal lobe and other regions of
the hindbrain. This topographic mapping scheme appears to
reflect an emphasis on processing the spatial distribution of
chemical concentrations, an attribute correlated with cat-
fish’s ability to track chemical plumes by using gustation
alone (Bardach et al. 1967). Similar topographic maps are
found in the carp vagal lobe and appear to mediate food
sorting in the mouth (Finger and Morita 1985; Finger
2008). Swallowing and ingestion do not appear to be highly
specific processes, as most detected amino acid will evoke
the response (Caprio and Derby 2007).

In summary, the olfactory and gustatory systems are both
designed to process natural chemical mixtures but in quite
different manners. While olfaction is organized to adap-
tively integrate information associated with a wide range of
chemical stimuli for various functions, gustation is special-
ized for sensitivity and localization of food source. Tests of
the natural function of these neural systems in free-
swimming animals to complex, natural stimuli await. It
will be particularly important to examine function in
species other than catfish, which are somewhat unusual in
their possession of a highly developed and broadly tuned
external gustatory system but for which sex pheromones are
not yet available for testing.

Crustaceans

A Diversity of Organs Mediating a Diversity of Behaviors The
chemical sensors of crustaceans differ in their sensillar
organization, central connections, and behavioral role. One
pathway that is conserved in many crustaceans is that of the
aesthetasc sensilla and olfactory lobe. This is considered an
‘olfactory’ pathway because the aesthetascs are innervated
only by chemosensory (and not mechanosensory) neurons
and because of structural similarities with the insect and
vertebrate olfactory pathways (Schachtner et al. 2005). All
other sensilla that contain chemosensory neurons also
contain mechanosensory neurons. But these bi-modal
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chemosensilla are extremely diverse in structure, are
distributed differently across the animal’s body surface,
and serve different behavioral functions. This suggests that
crustacean chemoreceptors cannot be categorized according
to a dichotomous olfactory—gustatory classification.

Functions of Different Chemosensory Pathways Together,
the diverse chemosensors across the body of crustaceans
gather information about conspecifics, predators, attractive
and defensive properties of prey, and more. These sensors
connect differentially within the central nervous system,
leading to the control of different aspects of behavior. The
olfactory (aesthetasc) and gustatory pathways differ in the
behaviors controlled. In spiny lobsters, the antennules drive
detection of and orientation to distant, attractive chemicals,
including food-related chemicals and intraspecific chem-
icals such as aggregation or alarm cues (Derby et al. 2001;
Horner et al. 2004, 2008b; Shabani et al. 2006). In blue
crabs, however, leg chemoreceptors can play a major role in
mediating orientation to distant odors, as the wide spacing
between legs on the animal’s two sides provides spatial
information that helps the crabs locate the plume’s
boundaries (Keller and Weissburg 2004). In lobsters,
chemosensors on the legs of lobsters are used to locate
food once the animal has reached the source (Derby and
Atema 1982). Mouthpart chemoreceptors then assess the
food for phagostimulants and phagodeterrents that lead to
its ingestion or rejection (Derby and Atema 1982; Derby et
al. 2001; Garm et al. 2005; Kicklighter et al. 2005; Garm
and Hoeeg 2006).

The antennules are the most intensively studied of all of
the crustacean chemosensory pathways. The two major
antennular chemosensory pathways—the aesthetasc/olfac-
tory lobe pathway and non-aesthetasc/lateral antennular
lobe pathway—of spiny lobsters have some functional
redundancy: Both assess the quality of food, both
mediate olfactory learning, and both enable orientation
to distant food odors (Derby et al. 2001; Steullet et al.
2001, 2002; Horner et al. 2004). Unique functions of the
aesthetasc pathway include encoding intraspecific cues
used in sexual and social interactions (Gleeson 1982,
1991; Johnson and Atema 2005; Horner et al. 2008a, b).
Unique functions of the non-aesthetasc pathway include
mediating antennular sensory-motor tasks. One example is
the class of non-aesthetasc sensilla—the asymmetric sen-
silla—that are necessary and sufficient for mediating
chemically evoked antennular grooming behavior (Schmidt
and Derby 2005). Detectors of pheromones and social cues
are not exclusively located in the aesthetasc/olfactory
pathway, however. For example, male crayfish have sensors
on their claws that detect female odors (Belanger and
Moore 2006).
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How are mixtures coded by the peripheral olfactory
system of decapod crustaceans? Information about different
classes of chemicals is carried by different types of
chemoreceptor neurons (CRNs). CRNs have different
specificities, with some being most sensitive to one or
several amino acids, others most sensitive to one or several
adenine nucleotides, others most sensitive to ammonium
ions, and so on (Voigt and Atema 1992; Derby 2000; Garm
et al. 2005). Single CRNs can be stimulated by compounds
that belong to different classes of molecules. For example,
taurine-best CRNs can also be sensitive to other amino
acids, AMP, ammonium, and other compounds, although
the thresholds for taurine are 100 to 10,000 times lower
than other stimuli (Cromarty and Derby 1997). Stimulus
quantity, at least for food-related chemicals and their
mixtures, is coded by CRN population responses or
across-fiber patterns rather than labeled lines (Derby
2000; Caprio and Derby 2007). Such codes enable
discrimination of highly similar mixtures, such as binary
mixtures or 30+ component mixtures that contain the same
components but at different blend ratios (Steullet and Derby
1997; Derby 2000; Derby et al. 2001).

Our understanding of how crustaceans process sex
pheromones, social cues, anti-feeding compounds, and
other chemical stimuli besides feeding stimulants is in its
infancy. Not knowing the identity of these bioactive
molecules is a major reason, and such identification is
urgently needed. One example of how chemical defenses
are processed is a set of recent studies on spiny lobsters’
responses to defensive secretions of sea hares (Kicklighter
et al. 2005; Kamio et al. 2007). The studies suggest that
these secretions function by ‘phagomimicry,” in which the
defensive secretion stimulates the feeding pathway to
deceive spiny lobsters into attending to a false food
stimulus, and by sensory disruption, in which the sticky
and potent secretions cause high-amplitude, long-lasting
sensory stimulation. Distasteful feeding deterrents also
occur in these secretions, although their identity and neural
processing are just now being studied (Kamio et al. 2007).
Thus, chemical defenses may act in complex ways, even
against a single predatory species.

General Conclusions and Future Directions

The chemical milieu of aquatic environments shapes how
animals living there perceive their chemical world. Our
paper discussed the chemosensory abilities of two major
groups of aquatic animals—fish and crustaceans—within
the context of the chemical ecology of the aquatic
environment. Fish and crustaceans use chemoreception in
many of their inter- and intraspecific interactions, including
identifying and locating high-quality food, mates, and
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suitable habitat and shelters, avoiding predators and low-
quality or toxic food, and interacting with conspecifics in
social and agonistic encounters. The compounds that
mediate these interactions are diverse but typically are
mixtures of small, water-soluble compounds. The responses
of many fish and crustaceans to some chemicals are
somewhat hard wired, but others, particularly for species
that live in complex and diverse habitats, and may live for
decades, show enormous plasticity. Aquatic animals have a
diversity of chemical senses to detect these chemicals,
including but not limited to those that can be placed into the
classical categories of ‘olfaction’ and ‘gustation.” In
general, olfactory systems are well adapted for discrimina-
tion of complex stimuli, and gustatory systems control
proximate identification, location, and ingestion of palat-
able food and rejection of distasteful or toxic food.

A conceptualization of the approaches to studying the
chemical ecology of chemoreception is presented in Fig. 1.
Individual disciplines can be used to make important
contributions. For example, current techniques in analytical
chemistry can determine what molecules are present in
organisms and their environment and, thus, might serve as
chemical cues or signals. Neuroscience brings molecular,
cellular, and systems level analyses that can be used to
ascertain what chemicals are detected, as well as mecha-
nisms of reception and integration of these chemicals.
Ethology allows evaluation of the behavioral relevance of

Ethology

Effects of chemicals
on animal behavior

Chemistry Neuroscience

Identification of
signals and cues

Mechanisms of reception
and integration

ecology

Evolution and Ecology

Phylogenic relationships.
Impact of populations &
communities

Fig. 1 A visual depiction of approaches to the study of chemical
ecology. Disciplinary approaches are shown in the circles. We
advocate using integrated and multidisciplinary approaches to most
effectively understand issues in chemical ecology. See the text for
further explanation

detected chemicals. Evolutionary ecological approaches
allow investigations of phylogenetic relationships, and
how the habitat in which organisms live can influence the
nature of their chemical senses. Reliance upon only one of
these approaches can lead to, at best, partial understanding
of a system and often leads to misunderstandings. We and
others (e.g., Zimmer and Derby 2007; Zimmer and Zimmer
2008) advocate using multiple approaches and working at
the intersection of these disciplines using the integrated
approaches of neuroethology, neuroecology, and chemical
ecology.

Although our understanding of neural processing of fish
and crustaceans has advanced in recent years, we still have
many challenges facing us. We have almost no information
on how entire categories of chemicals are processed. For
example, how pheromones and other intraspecific cues are
processed by crustacean nervous systems is virtually un-
known, and scant information exists for fishes. In the former
case, this is largely a result of not knowing the molecules
involved. In general, our knowledge of the identity of
ecologically relevant chemicals is limited to a few contexts
(especially feeding) and a few species (often the commer-
cially important ones). However, with the advent of sensitive
and sophisticated analytical chemical equipment and tech-
niques, the challenge of identifying bioactive chemicals is not
nearly so daunting, and we expect major advances to be made
in this area.

Advances in molecular techniques also have given us
tools to elucidate mechanisms of sensory processing. These
tools have helped in identifying olfactory and gustatory
receptors and other molecules involved in sensory trans-
duction, especially in animals whose genomes have been
sequenced, most notably zebrafish (Oike et al. 2007;
Saraiya and Korsching 2007). The first crustacean with a
sequenced genome is Daphnia pulex (Colbourne et al.
2005; see Daphnia Water Flea Genome Database at http://
wifleabase.org), which provides a useful tool for studying
the chemical senses of this and other crustaceans. None-
theless, having a sequenced genome for a more established
model organism, such as a decapod crustacean, will be a
prized contribution. In the meantime, other molecular tools
will have to suffice to identify molecules involved in
chemical sensing (McClintock et al. 2006). Advances in
methods of simultaneously recording from ensembles of
neurons by using multielectrode arrays or imaging with
voltage- and calcium dyes opens up exciting possibilities
for understanding how sensory systems process and
discriminate mixtures.

On a final note, we urge that mechanistic approaches to the
study of chemical sensing be applied within the framework of
chemical ecology and with an eye toward broader contribu-
tions of this type of work. What we learn about neural
processing of ecologically and economically important
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species, such as salmon, lamprey, lobsters, and crabs, can and
should have broader applications to be used by community
and systems ecologists and fisheries scientists.
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