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Abstract There is an abundance of experimental studies
and reviews that describe odorant-mediated behaviors of
Wsh in laboratory microcosms, but research in natural Weld
conditions has received considerably less attention. Fish
pheromone studies in laboratory settings can be highly pro-
ductive and allow for controlled experimental designs;
however, laboratory tanks and Xumes often cannot replicate
all the physical, physiological and social contexts associ-
ated with natural environments. Field experiments can be a
critical step in aYrming and enhancing understanding of
laboratory discoveries and often implicate the ecological
signiWcance of pheromones employed by Wshes. When Wnd-
ings from laboratory experiments have been further tested
in Weld environments, often diVerent and sometimes contra-
dictory conclusions are found. Examples include studies of
sea lamprey (Petromyzon marinus) mating pheromones and
Wsh alarm substances. Here, we review Weld research con-
ducted on Wsh pheromones and alarm substances, highlight-
ing the following topics: (1) contradictory results obtained
in laboratory and Weld experiments, (2) how environmental
context and physiological status inXuences behavior,
(3) challenges and constraints of aquatic Weld research and
(4) innovative techniques and experimental designs that
advance understanding of Wsh chemical ecology through
Weld research.
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Abbreviations
3kPZS 3-Keto petromyzonol sulfate
PZS Petromyzonol sulfate
ACA Allocholic acid
17,20 �P 17�, 20�-Dihydroxy-4-pregnen-3-one
PGF Prostaglandin F2�
PIT Passive integrated transponder

Introduction

Sensory organs are the Wlters through which organisms deter-
mine the context of their environment and respond accord-
ingly. For humans, it is in our nature to perceive how visual,
auditory, gustatory and tactile cues inXuence animal behavior
because it is these senses that we are most familiar with. But
since we cannot directly observe the chemical cues animals
respond to, given our poorly developed sense of olfaction
(Kleerekoper 1969), it often escapes our imagination that
chemical communication is the most potent and widely
employed mechanism of information transfer in nature (Wyatt
2003; Fisher et al. 2006). Pheromones have diverse roles in
modulating vertebrate behavior (Brennan and Zufall 2006). In
mammals, pheromones inXuence ovulation (More 2006), indi-
vidual recognition (Hurst et al. 2001), mate choice (Spehr et al.
2006) and territorial behavior (Hurst and Beynon 2004). Olfac-
tion is an exquisitely developed sensory capacity in Wshes
(Kleerekoper 1969), where chemical signals inXuence beha-
viors concerning habitat selection (Mathis and Smith 1992),
predator avoidance (von Frisch 1938), migration (Hansler and
Scholz 1983), maturation (Dulka et al. 1987), mating (Li et al.
2002) and paternal care (NeV 2003). In aquatic environments,
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pheromones often comprise soluble steroids, bile acids or pro-
teins, and commonly communicate a message to a population
of conspeciWcs, sometimes over long distances. Studies of
aquatic chemical communication oVer unique opportunities to
understand how animal behavior and physiology are mediated
by chemical signals (Burnard et al. 2008).

Many questions in chemical ecology originate from Weld
observations of animal behavior. Subsequently, scientiWc
inquiry is often moved into the laboratory where experiments
are comparable, reproducible, relatively inexpensive, easy to
set up and can be conducted year round. Our review of over
400 papers, mostly published between 1960 and the present,
found that approximately 80% of studies on chemical commu-
nication in Wshes and crustaceans have been laboratory exer-
cises. In the cases where laboratory experiments have been
extended to the Weld, results have sometimes been unexpect-
edly diVerent and contradictory to those obtained in the labora-
tory. Similar contradictory results between the laboratory and
Weld have been documented in studies of the behavioral and
physiological eVects of dominance hierarchies in Wshes
(Sloman and Armstrong 2002; Riley et al. 2005). As a conse-
quence of insuYcient space and water, laboratory envi-
ronments tend to be overly simplistic. For example, Xumes and
Y-mazes artiWcially slow and straighten Xow (Zimmer et al.
1999) and small aquaria often expose Wshes to artiWcially high
concentrations of pheromones for periods of time that would
not be encountered in nature (Mackie and Shelton 1972;
Pearson 1977). We contend that, because of the inherently
artiWcial nature of laboratory settings, it is highly relevant
to understand how pheromones inXuence Wsh behavior and
physiology in natural environments.

In this review, the need for Weld conWrmation of labora-
tory results will be highlighted by discussing examples
where comparable laboratory and Weld studies yielded
diVerent conclusions. The goal of comparing studies is not
to take sides and claim that one study is better than others,
but instead to emphasize that the results are indeed diVer-
ent. Possible explanations will be provided as to why labo-
ratory and Weld results may diVer in light of how Wsh
responses to pheromones are revealed only when the appro-
priate environmental, physiological and social conditions
are provided. Experimental constraints of Weld research will
be brieXy discussed and examples will be provided as to
how obstacles have been overcome. Informative Weld stud-
ies and the innovative techniques and technologies
employed will be reviewed and discussed.

Contradictory results obtained in laboratory 
and Weld studies

Contradictions between laboratory and Weld results typi-
cally occur when behaviors elicited in the laboratory do not

represent the full suite of chemically mediated behaviors
or are not observed in the Weld. Studies of sea lamprey
(Petromyzon marinus) pheromones and ostariophysan
alarm substances will be used to illustrate the two circum-
stances by which laboratory and Weld results may diVer.

Sea lamprey exhibit more diverse pheromone-induced 
behaviors in natural environments

Chemical communication in the sea lamprey has been
studied for 30 years and provides many examples to illus-
trate the utility of Weld research to understand Wsh chemi-
cal ecology (Li et al. 2007). Larval sea lampreys hatch in
streams and feed on algae and detritus. Adults, after para-
sitically feeding on large Wsh in the ocean or large lakes,
migrate back into streams, spawn and die (Applegate
1950). Pheromones enable adults to eYciently locate suit-
able spawning streams and mates prior to death (Teeter
1980).

The Wrst indication that sea lampreys use pheromones to
coordinate mate Wnding and reproduction came from Weld
reports of French Wshermen who captured high numbers of
“ripe” females (ovulated) in traps baited with “roped”
males (spermiated) (Fontaine 1938). To conWrm these and
other reports of female attraction to sexually mature males
(Teeter 1980; Adams et al. 1987a, b), a two-choice maze
was constructed by Li et al. (2002) on the bank of a natural
spawning stream and was supplied with stream water
(Fig. 1a). Collectively, maze experiments conWrmed that
ovulated females did indeed show preference and search
responses to the washings of spermiated males (Li et al.
2002; Siefkes et al. 2005). A putative pheromone compo-
nent, 3-keto petromyzonol sulfate (3kPZS), was extracted
from the washings of spermiated males and identiWed. In
the two-choice maze, 3kPZS and spermiated male washings
induced statistically similar behaviors in ovulated females.
Based on laboratory results, it was concluded that 3kPZS
was the male sea lamprey mating pheromone that induced
preference and search responses in ovulated females (Li
et al. 2002).

To conWrm two-choice maze results, experiments were
replicated in a natural stream, where an island divides the
river into two channels (a natural two-choice maze,
Fig. 1b). Contrary to laboratory results, in a stream 3kPZS
did not elicit the same preference and search response in
ovulated females as spermiated male washings (Siefkes
et al. 2005; Johnson et al. 2009). Male washings lured ovu-
lated females upstream over distances up to 250 m to the
exact point of odorant release and females remained there
for up to an hour. Synthesized 3kPZS also lured females
upstream 250 m, but females typically entered within 1 m
of the source, where they brieXy paused and then continued
moving upstream (Siefkes et al. 2005; Johnson et al. 2009).
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Results from in-stream experiments were inconsistent with
the conclusion derived from maze experiments and demon-
strated that pheromone components other than 3kPZS are
needed to elicit near source attraction and retention in ovu-
lated females.

In addition to mating pheromones, adult sea lampreys
have also been hypothesized to use bile acid migratory
pheromones released by conspeciWc larvae to locate suit-
able spawning streams (Bjerselius et al. 2000). Evidence of
sea lamprey migratory pheromones originated from Weld
observations that numbers of migratory adults entering
streams treated the previous year with the lampricide
3-triXuoromethyl-4-nitrophenol (kills about 95% of larvae)
drop drastically (Moore and Schleen 1980). To conWrm
Weld observations, Teeter (1980) showed in a maze that
migratory sea lampreys were attracted to larval lamprey
washings. In 1995, Li et al. found petromyzonol sulfate
(PZS) to be highly stimulatory to the olfactory organ of sea

lampreys as measured by an electro-olfactogram. In 2000,
Bjerselius et al. tested PZS as well as allocholic acid
(ACA), another putative migratory pheromone, in a two-
choice maze and concluded that PZS and ACA were impor-
tant components of the migratory pheromone. A year later,
however, Vrieze and Sorensen (2001) concluded from
maze studies that little of the activity found in the migratory
pheromone can be explained by PZS and ACA. Instead,
Vrieze and Sorensen reported that migrating lampreys
strongly prefer blank stream water (without larval phero-
mones) to the water of Lake Huron. Unfortunately, all prior
experiments were conducted in the water of Lake Huron or
well water. Most recently, it has been reported that two
newly identiWed bile acids, petromyzonamine disulfate
(PADS) and petromyzosterol disulfate (PSDS), along with
PZS, constitute the sea lamprey migratory pheromone
(Sorensen et al. 2005). Field conWrmation that any of the
putative pheromones elicit behavioral responses in nature is
still pending (Wagner et al. 2009).

Alarm substances elicit greater responses in the laboratory 
than in the Weld

Laboratory and Weld studies of ostariophysan alarm sub-
stances (SchreckstoV) have been among the most contro-
versial in chemical ecology. The term SchreckstoV was
coined by von Frisch in 1938 who, using Weld observations,
described an “alarm pheromone” released by injured Euro-
pean minnows (Phoxius phoxinus) that elicited fright
responses in conspeciWcs (von Frisch 1938, 1941). Since
von Frisch’s seminal work, most studies have been moved
into the laboratory and over 100 published aquaria studies
concerning SchreckstoV collectively show that some ostario-
physan Wshes contain epidermal club cells that when
ruptured release an odorant, which induces alarm responses
in conspeciWcs and some heterospeciWcs (Brown et al.
1995; Mikheev et al. 2006; Chivers et al. 2007).

The function of SchreckstoV was not debated in writing
until Magurran et al. (1996) used an underwater camera to
observe the behavior of wild European minnows before and
after exposure to conspeciWc skin extract (SchreckstoV) and
muscle extract (control). DiVerent from the report by von
Frisch (1938) and laboratory studies of other authors,
SchreckstoV failed to elicit stereotypical alarm responses
such as dashing, hiding, freezing or leaving the observation
area. The authors postulated that alarm responses to
SchreckstoV may be artifacts of the conWned and satiated
condition of laboratory Wshes. Furthermore, in the wild,
responses to SchreckstoV may be related to the relative
threat of predation. Magurran et al. (1996) stated that
because the alarm response of European minnows to
SchreckstoV was contingent on “other factors”, it was not a
“pheromone”. However, published literature does not

Fig. 1 Comparison of laboratory and Weld bioassays used to study sea
lamprey pheromones. a Water is pumped into the two-choice maze at
the upper arrow and Xows down to where the maze is split into two
chambers. A test odorant is added to the maze at C1 or C2, and the time
a sea lamprey spends on each side of the maze before and after odorant
application is recorded. The functional length and width of the maze
is 4.27 by 1.22 m. Reprinted from Siefkes et al. (2005), with permis-
sion from Elsevier. b The Ocqueoc River MI, USA is divided into two
channels by an island. Behavioral responses of sea lampreys to phero-
mones can be tested over hundreds of meters by applying pheromones
to one channel and control odorant to the other to create a natural two-
choice maze. Arrow indicates Xow direction and test odorants were
applied in the red square in each channel. Application of rhodamine
dye was used to determine the distribution and concentration of syn-
thesized male sea lamprey mating pheromone (3kPZS) originating
from the location of each odorant application
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suggest that pheromones must elicit response in all contexts
and presented no examples of pheromones or alarm sub-
stances that elicited a behavioral response in all conspe-
ciWcs in all environments. Behavioral and physiological
responses of Wsh to odorants are modulated more by con-
text and the ability to use sensory modalities other than
olfaction, rather than by speciWc pheromones (Carolsfeld
et al. 1997b; Smith 1997; Bjerselius et al. 2000; Fraser and
Stacey 2002; Golub et al. 2005). Results of laboratory and
Weld experiments provide sometimes diVerent, yet informa-
tive, perspectives for understanding pheromone function.

Environmental, social, and physiological context 
modulate the expression of chemically mediated 
behaviors

Environmental context

Physical structure in the aquatic environment

Structural complexity and composition of the aquatic envi-
ronment can inXuence chemically mediated behaviors of
Wshes. Golub and Brown (2003) documented diVerences in
pumpkinseed (Lepomis gibbosus) response to alarm sub-
stances in diVerent habitat complexities. In weedless envi-
ronments, pumpkinseeds showed less vigorous responses to
alarm substances than in weedy environments. Golub and
Brown (2003) illustrate that multi-modal cues provide more
information than a single cue. Pumpkinseeds may not show
alarm responses in weedless environments because they are
better able to use visual cues, which more eVectively con-
vey the location of potential danger. Substrate type also
strongly inXuences chemically mediated behaviors in
Wshes, especially if reproduction is substrate dependent.
The sound of female redd cutting triggered an increase in
17�,20�-dihydroxy-4-pregnen-3-one (17,20�P) and of
expressible milt in male Atlantic salmon parr (Salmo salar)
in laboratory environments (Moore and Waring 1999). In
the two-choice maze used for sea lamprey mating phero-
mone research, a potential Xaw in the design was that it did
not contain rocky substrate needed for spawning (Apple-
gate 1950; Li et al. 2002). These examples suggest that the
physical environment often determines the degree of
response elicited by odorants in Wshes because when, for
example, vision is obfuscated by attributes of the environ-
ment, information from the remaining sense of olfaction
becomes more inXuential in modulating behavior.

Water source and chemistry

Water clarity, chemistry and source can inXuence respon-
siveness of Wshes to chemical cues. Fishes often distinguish

and prefer water originating from habitat types needed for
essential life history events. Migratory sea lampreys
strongly prefer stream water (pheromone free) compared to
water from Lake Huron, and responses to migratory phero-
mones are more potent when tested in stream water (Vrieze
and Sorensen 2001). Water clarity also aVects Wsh
responses to alarm substances, where stronger responses
occur in turbid water than in clear water, presumably
because turbidity obstructs visual cues (Hartman 2000).

Where studied, Wsh pheromones and alarm substances
are more stable and have higher detection thresholds in
water with slightly basic pH (Brown et al. 2001a, 2002a;
Bhatt et al. 2002; Leduc et al. 2004; Heuschele and Cando-
lin 2007). Fathead minnow (Pimephales promelas)
responses to alarm substances in laboratory conditions are
abolished at a pH less than 6.0 (Brown et al. 2000, 2002a).
The mechanism by which basic conditions enhance respon-
siveness is still unresolved. One possibility is that basic
water shifts the ionic phase of the chemical cue, making its
new three-dimensional structure more accessible to olfac-
tory receptors (Heuschele and Candolin 2007). Alterna-
tively, acidic water may shift the chemical structure of
odorants through protonation, rendering them unavailable
to receptor sites as hypothesized for putative nitrogen oxide
alarm substances (Brown et al. 2000; Leduc et al. 2004).
AcidiWcation may also be stressful to Wshes, thereby limit-
ing responses to alarm substances.

The ability of Wshes to detect pheromones can be abolished
by humic acid, pesticides, heavy metals and anesthetics
(Lurling and ScheVer 2007). In goldWsh (Carassius
auratus), humic acid at concentrations between 1 and
1,000 mg/L have been shown to reduce the availability of
steroidal mating pheromones in the olfactory epithelium
(Hubbard et al. 2002), possibly because they become
absorbed into the core of humic acid hydrophobic microve-
sicles (Hubbard et al. 2002; Mesquita et al. 2003). In eutro-
phic streams of northern Mexico, it is hypothesized that
high concentrations of humic acid aVect the ability of two
swordtail Wshes (Xiphophorus birchmanni and Xiphopho-
rus malinche) to discriminate between species by olfaction,
therefore leading to the recent hybridization of these spe-
cies (Fisher et al. 2006).

Other olfactory disruptants measured at physiologically
relevant concentrations in natural waters include copper
(heavy metal), cadmium (heavy metal, Scott et al. 2003;
Carreau and Pyle 2005), atrazine, simazin (herbicides,
Moore and Waring 1998; Moore and Lower 2001), diaz-
inon (insecticide, Scholz et al. 2000) and cypermethrin
(pyrethroid insecticide, Moore and Waring 2001; Jaensson
et al. 2007). Researchers may unintentionally reduce olfac-
tory sense in experimental Wshes by using anesthetics such
as quinaldine, phenoxyethanol or 3-aminobenzoic acid
ethyl ester (MS-222) (Losey and Hugie 1994).
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Hydrodynamics

Responses of Wshes to chemical cues can vary dramatically
depending on the rates of advection, coeYcients of turbu-
lent mixing and boundary layer dynamics because these
factors determine the spatial and temporal distribution of
odorant plumes and the frequency of encounters between
odorants and olfactory receptors. Few studies have evalu-
ated how hydrodynamics inXuence behavioral responses of
Wsh to pheromones. Sherman and Moore (2001) showed
that whether water is lentic or lotic can directly inXuence
the ability of brown bullheads (Ameiurus nebulosus) to
locate Wsh gelatin. The sea lamprey is another example
where one environmental condition modulates the response
to olfactory cues. In this species, responsiveness to migra-
tory pheromones has been shown to be dependent on water
velocity, where Xow direction may be used to orient toward
sources of pheromones via chemically mediated rheotaxis
(Bjerselius et al. 2000). The absence of Xow “turns oV” the
response to the odorant, much like the addition of vision-
reduced responses to alarm substances in pumpkinseed
(Golub et al. 2005).

In comparison to the few studies on Wshes, orientation
responses of crustaceans in diVerent Xow environments
have been well investigated. Weissburg and Zimmer-Faust
(1994) showed that blue crabs (Callinectes sapidus) orient
to food odors eYciently when boundary layer Xows are
smooth than when rough, at which time crabs move more
slowly and make more frequent stops. In direct contrast,
crayWsh (Onconectes rusticus) orient to food odors more
eYciently on cobble substrate (roughness Reynolds number
of 382) than on sand (roughness Reynolds number of 1.93;
Moore and Grills 1999). How an odorant is applied to the
hydrodynamic environment also inXuences crustacean ori-
entation eYciency (Keller and Weissburg 2004). The
hydrodynamics of experimental systems should be con-
trolled and described so that results may be comparable
among studies (Moore and Grills 1999).

Temporal variation in responses to chemical cues

Aquatic organisms may only respond to chemical cues dur-
ing certain times of the day. Migratory adult sea lamprey
are nocturnal and respond to migratory pheromones at night
(Bjerselius et al. 2000). However, sexually mature sea lam-
preys are arrhythmic (Applegate 1950); notably, mature
females respond to mating pheromones night and day
(Johnson et al. 2005). A goldWsh female priming phero-
mone, 17,20 �P, robustly induces sexual arousal in males in
the early morning when females are likely to release 17,20,
�P. However, the same 17,20, �P in the afternoon induces
lower levels of arousal in the males (Defraipont and Soren-
sen 1993).

Social context, experience and learning

Social environment is an important context that can inXu-
ence responses of Wshes to pheromones (Ferrari et al.
2005). In goldWsh, the eVects of social context on male
response to female priming pheromones 17,20 �P and pros-
taglandin F2� (PGF) have been investigated. When in
social isolation, the male endocrine system is only primed
by exposure to 17,20 �P (Fraser and Stacey 2002). When
males are able to socially interact with females, the male
endocrine system is primed by PGF (Sorensen et al. 1989).

Experience and learning also alter behavioral responses
of Wshes to alarm substances. Several Wsh species exhibit
learned predator recognition to alarm substances. Simulta-
neous exposure of an individual to a novel odorant and a
stressful event, like chasing with a net, causes the individual
to associate the odorant with danger (Chivers et al. 1995;
Kelley and Magurran 2003). Hatchery reared Wsh have been
trained to recognize odors of natural predators, but the
eYcacy of this technique to reduce mortality of stocked Wsh
is yet to be demonstrated (Brown and Smith 1998; Mirza
and Chivers 2000). ZebraWsh (Brachydanio rerio) have
even been trained to associate red light with predation
threat by simultaneously exposing them to alarm sub-
stances and red light (Hall and Suboski 1995a, b). Recogni-
tion of odorants can last up to a month and have been
demonstrated in Weld contexts (Pollock et al. 2003).

Physiological and developmental status

Often inXuenced by environmental context, the physiologi-
cal status of an animal ultimately determines whether a
behavioral response is elicited by reproductive pheromones
and alarm substances. Responsiveness to odorants can be
inXuenced by the collinear eVects of age, size, sex, maturity
(Dulka et al. 1987; Li et al. 2002), hormone concentrations
(Cardwell et al. 1995; Carolsfeld et al. 1997a; Yambe and
Yamazaki 2001; Bhatt et al. 2002), stress (Scott et al. 1994;
Carolsfeld et al. 1997a) and hunger (Smith 1981; Brown
and Smith 1996; Chivers et al. 2000).

Size and hunger inXuences responsiveness 
to alarm substances

Some species undergo an ontogenetic shift where alarm
substance responses are only elicited in young age groups,
likely due to trade-oVs between foraging and predation risk
(Mirza and Chivers 2002; Golub and Brown 2003; Harvey
and Brown 2004; Golub et al. 2005). Small largemouth
bass (<50 mm) (Micropterus salmoides) respond with anti-
predator responses to heterospeciWc alarm substances, but
large-sized bass (>50 mm) respond with feeding behaviors
(Brown et al. 2001b, 2002b). Hunger also mediates the
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degree of antipredator response when Wsh are exposed to
alarm substances. Smith (1981) found that Iowa darters
(Etheostoma exile), after fasting for 12 h, responded to a
mixture of food and alarm substances with a feeding
response, but darters responded to the same odorant with an
alarm response when satiated. Similarly, alarm responses in
fathead minnows and reticulate sculpins (Cottus perplexus)
are abolished after 24 h of fasting (Brown and Smith 1996).
The hunger of experimental Wsh may explain the contradic-
tory results obtained in laboratory and Weld studies of alarm
substances (Magurran et al. 1996), wherein the laboratory
Wsh are often fed to satiation, but in the wild food resources
may be limited.

Age, sex and maturity

Studies on the sea lamprey clearly illustrate how phero-
mone-induced behaviors are dependent on age, sex and
maturity. When adults migrate upstream, male and female
olfactory systems are highly sensitive to migratory phero-
mones released by larval sea lamprey and show preference
responses to migratory pheromones (Sorensen and Vrieze
2003a, b). When sexually mature, lamprey responses to
migratory pheromones diminish (Bjerselius et al. 2000);
but at that time, spermiated males construct spawning nests
and release mating pheromones that are highly attractive to
ovulated females (Siefkes et al. 2005). Similar sex and
maturity eVects have been reported in the goldWsh, where
females sequentially release mixtures of pheromones
throughout the ovulation cycle to prime males and induce
courtship behaviors, a subject that has been reviewed exten-
sively (Sorensen 1992; Sorensen et al. 1998; Kobayashi
et al. 2002; Stacey 2003; Stacey et al. 2003; Sorensen and
Stacey 2004).

In Wshes with alternative mating strategies, dominant
and sneaker males may diVer in pheromone release and
response. Dominant male black gobies (Gobius niger)
respond aggressively to the ejaculate of other dominant
males, but not to the ejaculate of sneaker males, likely
because sneaker male ejaculate is pheromonally incon-
spicuous (Locatello et al. 2002). In some cases, however,
sneaker males can detect and respond to conspeciWc phero-
mones. Yambe et al. (2006) used “jack” masu salmon
(Oncorhynchus masou) as bioassay subjects to identify
female mating pheromones, because small jacks were eas-
ier to work with in the laboratory and yet responded to
pheromones.

Responsiveness to mating pheromones has been associ-
ated to increases in plasma sex steroid concentration in sev-
eral species. Carolsfeld et al. (1997b) showed in PaciWc
herring (Clupea pallasii) that individuals with higher sex
steroid concentrations were more likely to respond to
migratory pheromones. Immature male parr of masu

salmon and rainbow trout (Oncorhynchus mykiss), which
do not naturally respond to female priming and mating
pheromones, respond when treated with methyltestosterone
(Yambe and Yamazaki 2001; Yambe et al. 2003). Simi-
larly, an injection of androgens into male Barilius bendeli-
sis increased the responsiveness to female mating
pheromones by activating male olfactory receptors (Bhatt
et al. 2002).

Stress

Handling Wsh or exposing them to sudden changes in envi-
ronmental conditions typically induces a stress response.
For example, transport of brown trout (Salmo trutta)
(Pickering et al. 1987) and rainbow trout (Pottinger 1992;
Scott et al. 1994) from the Weld to the laboratory has been
shown to be highly stressful. Stressed Wsh may modify their
behavioral responses to mating pheromones, because a
sudden increase in cortisol lowers sex steroid concentra-
tions. A notable exception has been described in PaciWc
herring, where a shallow water stressor induces vigorous
responses to spawning pheromones (Carolsfeld et al.
1997b), perhaps because they spawn on shallow rock reefs.

Available methodologies and variables to consider 
when designing Weld studies

Observation of animals

Fish responses to chemical cues can be recorded by
research personnel who observe behavior (Johnsen and
Hasler 1980), telemetry coupled with observed behavior
(Johnson et al. 2005, 2006; Siefkes et al. 2005), snorkel
surveys (NeV 2003; Golub et al. 2005) and underwater
cameras (Magurran et al. 1996; Wisenden et al. 2004b;
Friesen and Chivers 2006). Disadvantages of manually
tracking individual animals are that some animals may be
lost, many observers are needed, observations times are
short, and behaviors are not video recorded and thus cannot
be reviewed. Snorkel surveys require many observers, and
care must be taken not to disturb natural Wsh behavior.
Field studies using underwater camera technologies,
although with limited viewing space, have enabled
researchers to understand the context dependence of alarm
substance responses.

Surrogate measures of behavior are collected when it is
not feasible to directly observe Wshes. Examples include (1)
the number of Wsh (or lack of Wsh) captured in traps baited
with alarm substances (Mathis and Smith 1992; Wisenden
et al. 1994, 2004a; Chivers et al. 1995; Mathis et al. 1995;
Mirza and Chivers 2001; Pollock et al. 2003, 2005; Wisenden
2008) and (2) monitoring in-stream movements of sea
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lampreys tagged with passive integrated transponders (PIT
tags and antennas, Oregon RFID; Wagner et al. 2006, 2009;
Johnson et al. 2009. Surrogate measures are limited where,
for example, PIT tag data can only inform about the speed
and direction of movement of a Wsh as it passes a stream
location, but cannot reveal if Wne-scale pheromone-induced
behaviors were elicited such as nest building or courtship.

Although never encountered in our review of Wsh phero-
mone Weld studies, new acoustic telemetry technology
could allow the three-dimensional movements of Wshes to
be plotted, revealing orientation responses to pheromones
at lake and river scales. With determination, creativity and
new technology, researchers can overcome obstacles of
observing animals in Weld studies.

Experimental animals

Fishes naturally present in the environment have been used
as test subjects in most Weld studies reviewed (Finelli et al.
2000; Brown et al. 2001b; Carton and Montgomery 2003).
Using wild animals can limit experimental design, because
it is diYcult to identify individuals, obtain physiological
data (size, age, sex, maturity), evaluate social interactions,
control for past experiences, insure sample size will be ade-
quate (Scholz et al. 2000) and determine whether the same
animal was tested more than once (pseudo-replication).
Establishing experimental sites hundreds of meters apart
reduced the chance of pseudo-replication in a study
conducted by Brown et al. (2001b). Zimmer et al. (1999)
evaluated the likelihood of pseudo-replication by estimat-
ing the density of the experimental species in the Weld site
using mark-recapture techniques.

To further reduce the chance of pseudo-replication,
many studies relied on tagging and releasing captured ani-
mals into study sites (Siefkes et al. 2005; Johnson et al.
2006, 2009; Wagner et al. 2006). Advantages of releasing
test subjects are that a known number of uniquely marked
animals, of speciWc sex and maturity, can be released from
a known location and time. Disadvantages of introducing
animals are that test subjects may be stressed prior to experi-
mentation and additional holding facilities and labor are
required. If groups of animals are released, one must deter-
mine if individuals behaved independently within the group
and if individuals tested on diVerent trial dates responded
diVerently (Siefkes et al. 2005; Johnson et al. 2006, 2009).

Unknown pheromone identity limits design 
of Weld experiments

A signiWcant constraint for Weld research is the unknown
chemical identity of most Wsh pheromones and hence a lack
of synthesized pheromones. Field studies often require
large quantities of pheromone and synthesis of known

pheromones becomes very important. When pheromone
identity is not known, active components must be collected
or extracted from Wsh, and the concentration of the active
component in extracts cannot be determined (Friesen and
Chivers 2006). Recent advances in the extraction (Fine
et al. 2006), identiWcation, measurement and synthesis of
sea lamprey migratory and mating pheromones (Li et al.
2002; Yun et al. 2003; Sorensen et al. 2005; Dvornikovs
et al. 2006; Hoye et al. 2007; Wagner et al. 2009) have
allowed large-scale Weld experiments for testing the
eYcacy of pheromones to control sea lamprey (Johnson
et al. 2005, 2006, 2009; Siefkes et al. 2005; Wagner et al.
2006).

Similar chemistry techniques used to identify sea lam-
prey pheromones have been used to identify mating phero-
mones in the masu salmon (Yambe et al. 2006) and are
becoming more widely used among chemical ecologists.
New advances in analytical chemistry techniques will soon
allow for quantiWcation of known mating and migratory
pheromone components directly from lake and stream
water (Scott and Ellis 2007). ConWrming pheromone appli-
cation rates and determining background concentrations of
pheromones in natural systems will greatly increase experi-
mental design options.

Distribution of chemical cues in natural systems

It was evident from numerous studies that by integrating
behavioral data, odor plume data and turbulence calcula-
tions, chemo-orientation mechanisms of aquatic organisms
could be revealed. The distribution of crustacean food odor-
ants in Weld conditions have been thoroughly described at
small spatial scales using dyes and electrochemical tracers
such as dopamine (Zimmer-Faust et al. 1995; Finelli et al.
1999, 2000; Zimmer et al. 1999). Zimmer-Faust et al.
(1995) described the attraction of predatory blue crabs to
food odorants originating from hard crabs (Mercenaria
mercenaria) in a tidal creek. They recorded blue crab
movements using mounted video cameras and digitized
movements of crabs that approached the food odorant.
Odor plume dynamics were traced by mixing Xuorescein
(dye tracer) and dopamine (electrochemical tracer) with the
odorant. Time-averaged Xuorescein concentrations were
determined at sampling locations throughout the Weld site.
At the same sampling locations, instantaneous dopamine
concentrations were recorded. Flow characteristics were
described with an electromagnetic Xow meter, and shear
velocities and Reynolds numbers were calculated (Denny
1988, 1993). Estimates of sea lamprey mating pheromone
concentration and distribution over stream distances of
hundreds of meters have been obtained with rhodamine dye
tests (Fig. 1b), but they only displayed a static picture of
odorant distribution and did not provide data on the
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variability and Wlamentous nature of the pheromone plume,
which limits insight into chemo-orientation mechanisms.
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