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Synopsis

In four experiments conducted over a 6-year period, we investigated whether fathead minnows, Pimephales promelas,
could acquire the ability to recognize chemical alarm cues of introduced brook stickleback, Culaea inconstans.
A laboratory experiment documented that stickleback-naı̈ve minnows did not exhibit an anti-predator response
when exposed to the chemical alarm cues of stickleback. In a laboratory experiment conducted 5 years after the
introduction of stickleback to the pond, minnows exhibited an antipredator response to stickleback cues. Moreover,
in a field experiment the minnows exhibited avoidance of areas labelled with stickleback alarm cues. Minnows raised
from eggs taken from the test pond did not exhibit an anti-predator response to stickleback cues while minnows
from the test pond that had experience with stickleback cues did respond to stickleback cues. Our results provide
clear evidence that cross-species responses to chemical alarm cues of fishes can be learned. Learned recognition of
alarm cues has important implications for predator/prey interactions.

Introduction

Alarm signalling is the situation in which animals
encountering a hazard produce a response that makes
nearby individuals aware of danger (Smith 1992). The
signal(s) can include the sender’s escape response or,
alternatively, a chemical, auditory or visual cue that
may be detected by the receiver (Chivers & Smith
1998). Alarm signals are common in a variety of ver-
tebrates and invertebrates (e.g. mammals: Seyfarth &
Cheney 1986, birds: Stefanski & Falls 1972, Aubin
1991, fishes: Smith 1992, amphibians: Chivers et al.
1999, gastropods: Appleton and Palmer 1988, insects:
Chivers et al. 1996, Huryn & Chivers 1999).

In aquatic environments, chemical cues are com-
monly used as alarm signals, whereas in terres-
trial environments visual and auditory cues appear
to be employed more often (Chivers & Smith 1998,
Kats & Dill 1998). Chemical cues may be particularly
important in aquatic environments, in areas of high
turbidity, dense vegetation or at night.

It is common for prey species that co-occur to
recognize each other’s alarm cues (Chivers & Smith
1998). Recognizing heterospecific alarm cues should
provide receivers with an early warning if they share
the same predators. Responses to heterospecific alarm
cues are common in primates (e.g. Oda & Masataka
1996, Bshary & Noe 1997), birds (Møller 1992, Aubin
1991), fishes (e.g. Schutz 1956, Smith 1982, Wisenden
et al. 1994, 1995, Mirza & Chivers 2001), amphibians
(Lutterschmidt et al. 1994, Marvin & Hutchinson 1995,
Chivers et al. 1997) and gastropods (Snyder & Snyder
1970).

Some studies have documented that prey species
learn to recognize alarm cues from other species.
For example, Hauser (1988) documented that infant
vervet monkeys, Cercopithecus aethiops, learn to
respond to alarm calls of starlings, Lamprotornis
superbus, a species with which they share common
predators.

The importance of learning in the recognition of het-
erospecific chemical alarm cues in fishes has received
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little attention. Several of the documented examples of
cross-species responses appear to suggest that closely
related prey animals are responding to evolutionarily
conserved homologous alarm cues (Brown et al. 2000,
Mirza & Chivers 2001). For example, Brown et al.
(2000) showed that a nitrogen oxide functional group
might act as the chief molecular trigger in the alarm
systems of fishes in the Superorder Ostariophysi. How-
ever, some authors have suggested that cross-species
responses to alarm cues may be learned when alarm
cues are not homologous.

Chivers & Smith (1994) provided indirect evi-
dence that fathead minnows, Pimephales promelas, and
finescale dace, Chrosomus neogaeus, can learn to iden-
tify brook stickleback, Culaea inconstans, alarm cues.
In a field study, traps marked with brook stickleback
skin extract caught fewer and smaller dace and min-
nows than traps marked with distilled water. Larger
fish are typically older and more experienced, suggest-
ing that minnows and dace may have learned to recog-
nize stickleback cues. Chivers et al. (1995) compared
the response of fathead minnows that co-occurred with
Iowa darters, Etheostoma exile, to minnows from a
pond lacking darters. Only minnows from the pond
containing darters avoided cues of injured darters, and
larger fish avoided darter alarm cues more often than
smaller fish.

In the current study we tested whether fathead min-
nows can recognize chemical alarm cues of brook stick-
leback following their introduction. When minnows
and stickleback co-occur, they are exposed to many
of the same predators (Mathis & Smith 1993) and
should benefit by responding heterospecific alarm cues.
Previous studies (Mathis & Smith 1993, Chivers &
Smith 1994, Brown et al. 1995) provide mixed results
regarding whether minnows from populations contain-
ing stickleback respond to stickleback alarm cues. No
studies have tested whether minnows from locations
without stickleback respond to stickleback cues.

We conducted studies to explore the role of experi-
ence in response of minnows to stickleback alarm cues.
(1) In a laboratory test we confirmed that minnows from
a pond that did not contain stickleback did not respond
to stickleback alarm cues any differently than they
did to a control stimulus (swordtail). (2) We introduced
stickleback to the pond, and after 5 years, we retested
the minnows for a response to stickleback alarm cues
in both laboratory and in field trials. (3) In a final
experiment, we raised minnows from eggs collected
from a population known to respond to stickleback

cues and tested whether they responded to stickleback
alarm cues.

Experiment 1: Response of stickleback-naı̈ve
minnows to stickleback alarm cues

Methods

The purpose of this experiment was to determine if fat-
head minnows, from a population without brook stick-
leback, respond to stickleback alarm cues. In April
1995, we collected fathead minnows from a 1 ha pond
located on the University of Saskatchewan campus
(Saskatoon, SK, Canada). The pond is known to contain
other fish species, including finescale dace, Phoxinus
neogoeus, white suckers, Catostomus commersoni, and
Iowa darters but does not contain brook stickleback.
Minnows were transported to our laboratory and main-
tained in a 350 l stream tank at approximately 13◦C on
a 14 : 10 h light: dark cycle, where they were fed daily
with commercial fish food. Test fish were fed 1 h prior
to the start of testing.

Ten adult stickleback (SL = 6.74 ± 0.27 cm) were
sacrificed by a blow to the head (in accordance with
the guidelines set by the Canadian Council on Animal
Care) and a skin fillet was removed from both sides
of each fish producing approximately 45 cm2 of skin in
total. The skin was placed into 100 ml of distilled water
and homogenized using a polytron homogenizer. The
sample was filtered through glass wool to remove any
solid particles and diluted with 350 ml of distilled water
for a total of 450 ml. The extract was divided into sam-
ple bags containing 50 ml each and immediately frozen
at −20◦C. We used the same procedure to produce a
control extract from swordtails, Xiphophorus helleri
(SL = 5.31±0.33 cm). We used swordtail skin extract
as a control stimulus to test for an alarm response spe-
cific to stickleback and not a general response to injured
fish cues. Swordtails are an ideal control because they
are easily obtained, similar in size to stickleback, and
are allopatric form, and distantly related to minnows
(Chivers & Smith 1998).

Observations were completed in 37 l glass aquaria
filled with dechlorinated tap water. Each tank contained
a gravel substrate and a centrally located shelter object
consisting of a 10 × 20 cm ceramic tile mounted on
three 5.5 cm long cylindrical glass legs. Each tank also
contained an airstone near which we attached a 2 m
long piece of plastic tubing used to introduce the test



315

stimuli into the tanks. The injection line allowed the
observer to inject test stimuli at approximately 1.5 m
from the test aquaria.

Immediately prior to the start of each trial, 60 ml of
water was drawn through the stimulus tube and dis-
carded to ensure the tube was clean before each trial.
Another 60 ml of water was then drawn, retained, and
later used to flush the stimulus into the tank during
the trial. Each trial consisted of an 8 min pre-stimulus
period followed by injection of the stimulus and an
8 min post-stimulus period. We recorded the time spent
under shelter in both the pre and post-stimulus periods.
The occurrence of freezing (the cessation of movement
where the fish drops to the substrate and remains immo-
bile for a minimum of 30 s) and dashing (very rapid,
erratic swimming) were also recorded following injec-
tion of the stimulus. We did not test fish that either froze
or dashed in the pre-stimulus period. Shelter use, freez-
ing and dashing are known anti-predator responses in
minnows (review Chivers & Smith 1998).

We observed the response of 15 minnows to each of
two different stimuli: (1) skin extract from stickleback
and (2) skin extract from swordtails. Tests were con-
ducted after fishes had acclimated for 48 h. Rehnberg
et al. (1987) demonstrated that minnows exposed to a
frightening stimulus may show a physiological stress
response for extended periods (i.e., for hours or days).
Consequently, we tested all fish (individually) for a
response to the control stimulus (swordtail skin extract)
two days before we tested them for a response to the
experimental stimuli (stickleback skin extract).

We calculated changes in time spent under shel-
ter (post-stimulus minus pre-stimulus) for each treat-
ment and compared the responses using a Wilcoxon
Signed Rank test (Siegel & Castellan 1988). The occur-
rence of dashing and freezing were compared using
a McNemar Change test (Siegel & Castellan 1988).
We used one-tailed probability distributions because
we predicted that if minnows could recognize stickle-
back alarm cues then they would increase shelter use
and exhibit dashing and freezing behaviour.

Results

There was no significant change in time spent under
shelter in response to stickleback versus swordtail skin
extract (Z = 0.12, N = 14, p > 0.45, Figure 1A).
In addition, there was no significant difference in the
frequency of dashing (X2 = 0, df = 1, p > 0.99)
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Figure 1. Mean (±SE) change in time spent under shelter for
fathead minnows following exposure to skin extract of stickle-
back, swordtails and fathead minnows. (A) shows responses of
stickleback-naı̈ve minnows (experiment 1); (B) shows responses
of stickleback-experienced minnows (experiment 2).

or freezing behaviour (X2 = 0, df = 1, p > 0.99)
between the two treatments. These results indicate that
minnows naı̈ve to stickleback do not recognize stick-
leback alarm cues as an indicator of predation risk.

Experiment 2: Acquired recognition of
stickleback alarm cues by fathead minnows:
a laboratory test

Methods

The purpose of this experiment was to determine
whether fathead minnows from the test pond could
acquire the ability to recognize stickleback alarm cues
following the introduction of stickleback. In May
1995, following experiment 1, we collected 2008 brook
stickleback from Bradwell Reservoir in south central
Saskatchewan, and released them into the test pond.
Minnows from the test pond were collected in the
winter of 1999 for use in experiment 2.

We used a similar experimental procedure as in
experiment 1. However, instead of testing the response
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of the same minnows to cues of swordtails (control) and
stickleback (experimental), each fish was tested only
once. Moreover, we added fathead minnow alarm cues
as a third treatment in order to compare the intensity of
any response to heterospecific alarm cues against the
response to conspecific alarm cues. Our sample size
was 20 for each of the three treatments. Skin extracts
were prepared as in the first experiment. We used
the skin from 10 swordtails (SL = 3.34 ± 0.54 cm),
7 stickleback (SL = 4.90 ± 0.42 cm) and 5 minnows
(SL = 5.30±0.51 cm). In all cases we added the appro-
priate amount of distilled water to the skin extract we
collected to create a stimulus with a concentration of
1.0 cm2 per 10 ml of distilled water.

We compared the change (post-stimulus minus
pre-stimulus) in time spent under shelter using a
Kruskal-Wallis one-way analysis of variance on ranks
(Siegel & Castellan 1988). The occurrence of dash-
ing and freezing was analyzed with a Fisher Exact
Probability test.

Results

There was an overall significant difference in time
spent under shelter among the three treatments (KW =
−28.90, df = 2, p < 0.001, Figure 1B). Post-hoc mul-
tiple comparisons among treatments showed that there
was no difference in shelter use between the stickle-
back and minnow treatments but both differed from
the swordtail treatment. Fathead minnows exposed to
minnow extract dashed more frequently (and tended to
freeze more frequently) than those exposed to swordtail
cues (Table 1). Similarly, minnows that were exposed
to stickleback extract showed a tendency to dash more
frequently than those exposed to swordtail extract
(Table 1).

Table 1. Comparisons of the occurrence of dashing and freezing
by fathead minnows exposed to either swordtail, stickleback, or
fathead minnow skin extract (Fisher exact test).

Treatment Dashing P-value Freezing P-value

Swordtail 0 0
Stickleback 4 0.053 1 0.500

Swordtail 0 0
Fathead 6 0.010 4 0.053

Stickleback 4 1
Fathead 6 0.53 4 0.200

Experiment 3: Acquired recognition of
stickleback alarm cues by fathead minnows:
a field test

The purpose of this experiment was to determine
whether fathead minnows from the test pond would
avoid traps labelled with stickleback alarm cues. This
experiment was conducted in the summer of 2000,
5 years after stickleback were introduced into the
test pond.

Methods

We used the same general methodology as in exper-
iments 1 and 2 to produce the swordtail and stickle-
back skin extracts. The skin from 6 adult swordtails
(3.42±0.32 cm) and 7 adult stickleback (4.2±0.29 cm)
was added to the appropriate amount of distilled water
to create a stimulus with a concentration of 1.0 cm2 per
10 ml of water. We attached 2 sponges (2 × 2 × 2 cm)
onto each of 34 stainless steel wires. We added 5 ml of
stickleback skin extract (experimental) to each of the
sponges on 17 of the wires and added 5 ml of sword-
tail skin extract (control) to each of the sponges on the
remaining 17 wires.

We attached the wires that contained the stimu-
lus sponges to the inside of 34 minnows traps (17 traps
had sponges labelled with stickleback cues and 17 traps
had sponges labelled with swordtail cues). The minnow
traps were roughly cylindrical wire enclosures (43 cm
long × 22 cm wide) with an inverted funnel located
at each end. The two sponges in each trap were posi-
tioned such that they were approximately 4 cm from
each trap entrance. Pairs of traps (consisting of one
control and one experimental trap) were placed into
the water along the edge of the pond approximately
10 m apart. Pairs of traps were placed into the water at
5 min intervals until all 17 pairs were set. The order
of placement of the control and experimental traps
along the pond edge was determined randomly for
each pair.

Trap pairs were removed from the water at 5 min
intervals, starting 2 h after the first pair was set. All
fish found in the traps were removed, identified to
species, and counted. We used a Wilcoxon Signed Rank
test to compare the number of minnows captured in
traps marked with swordtail extract compared with
the number of minnows captured in traps marked
with stickleback extract. A one-tailed test was used
because we predicted that fathead minnows would be
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Figure 2. Mean (±SE) number of fathead minnows captured in
traps marked with skin extract from stickleback or swordtails.

captured significantly less often in experimental traps
than control traps.

Results

We captured a total of 119 fathead minnows and
161 stickleback in this experiment. Significantly fewer
fathead minnows were captured in traps marked with
stickleback skin extract than in traps marked with
swordtail skin extract (Z = 1.82, n = 13, p =
0.034, Figure 2). Stickleback showed a non-significant
trend toward avoiding stickleback traps (Z = 1.38,
n = 11, P = 0.083). For stickleback our sample size
was reduced to 11 since 6 trap-pairs failed to capture
stickleback.

Experiment 4: The role of experience in
acquired recognition of stickleback
alarm cues by fathead minnows

The purpose of this experiment was to determine if
the acquired recognition of stickleback alarm cues
is a learned or, alternatively, a genetically-based
behaviour promoted over 5 years of selection. We
compared the response of minnows from the test
pond experienced with stickleback alarm cues to lab-
reared minnows inexperienced with stickleback cues.
Stickleback-naı̈ve minnows were raised from eggs col-
lected from the test pond in the summer of 2000.
Our laboratory population of naı̈ve minnows originated
from 8 different broods but we do not know how many
test fish came from each brood. The experienced fish
were collected in the winter of 2000.

The experimental protocol for this experiment was
nearly identical to that used in Experiment 1, except
we tested both naı̈ve and experienced minnows. Due
to the limited availability of fish at the time of
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Figure 3. Mean (±SE) change in time spent under shelter follow-
ing exposure to chemical stimuli from swordtails and stickleback
by minnows that were laboratory-reared (naı̈ve to stickleback) or
wild-caught (experienced with stickleback).

testing, we tested 12 wild-caught experienced minnows
and 11 laboratory-reared naı̈ve minnows. Experienced
and stickleback-naı̈ve test fish were of similar size
when tested (SL: naı̈ve minnows = 4.1 ± 0.54 cm,
experienced minnows = 4.4 ± 1.00 cm).

Results

There was no significant difference between treatments
for change in time spent under (Z = −0.561, n = 11,
P > 0.25, Figure 3) for laboratory-reared minnows. In
contrast, wild-caught minnows showed a significantly
stronger increase in shelter use following exposure to
the stickleback extract in comparison to the sword-
tail skin extract (Z = −2.490, n = 12, P = 0.007,
Figure 3). Dashing and freezing were exhibited less
frequently in this experiment than in the previous
experiment with experienced fish. There were no sig-
nificant treatment differences in the frequency of dash-
ing or freezing behaviour between the two treatments
for either wild-caught or laboratory-reared minnows
(McNemar Change test, P > 0.10 for all comparisons).

Discussion

The results of our study indicate that fathead minnows
from a population without stickleback do not respond
to stickleback alarm cues with antipredator behavior.
However, our laboratory and field experiments show
that minnows from the test population acquired recog-
nition of stickleback alarm cues following the introduc-
tion of stickleback. Testing the response of minnows
collected as eggs allowed us to conclude that acquired
recognition was the result of learning and was not an



318

evolved response. These data are among the first to
provide clear evidence that cross-species responses to
chemical alarm cues of fishes must be learned in at
least some instances. Minnows should receive a sur-
vival benefit by responding to alarm cues from brook
stickleback (Mathis & Smith 1993). Although mixed
associations of fish are common (Nursall & Pinsent
1969), few studies have examined the costs or benefits
of these associations (Pitcher 1986). Our study illus-
trates a possible benefit for mixed species aggregations
of fishes.

Three previous studies have tested whether fathead
minnows respond to alarm cues of brook stickleback.
In a laboratory study, Mathis & Smith (1993) observed
no significant difference in response by minnows, expe-
rienced with stickleback, to stickleback and swordtail
alarm cues. In a subsequent field experiment, Chivers &
Smith (1994) caught fewer minnows in traps marked
with stickleback cues than traps marked with a con-
trol extract. While providing tentative evidence that
minnows avoid stickleback alarm cues, the same result
could occur if minnows were attracted to stickleback
captured in control traps. Brown et al. (1995) showed
that minnows, experienced with stickleback, recog-
nize stickleback alarm cues in the diet of a pike (Esox
lucius), and avoided areas containing such cues.

The results of our current study provide insights
into previous conflicting results. If minnows must learn
to recognize stickleback cues, then the recognition by
individuals in any population must be a consequence of
the potential opportunities to learn. The degree of over-
lap in microhabitat use between these species and the
degree to which they share predators are likely impor-
tant variables to consider when examining whether
there are sufficient opportunities for animals to learn to
recognize each other’s alarm cues. Likewise, the rela-
tive density of the two prey species may be an important
variable to consider because the greater the number of
heterospecifics the greater the opportunity for acquired
recognition. Species abundance, microhabitat overlap,
the dietary overlap of predators, and the relative den-
sity of prey animals varies across short and long-term
spatial and temporal scales. Future studies need to
consider these variables when explaining the presence
or absence of cross-species responses. We know little
about the mechanisms by which learned recognition
of heterospecific alarm cues occur (but see Mirza &
Chivers 2001). Future studies should address the mech-
anisms by which prey learn to recognize heterospecific
alarm cues.
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