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Fathead minnows {Pimephales promelas) learn
to recognize chemical stimuli from high-risk
habitats by the presence of alarm substance
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We exposed fathead minnows (Pimephales promelas) to water from one of two distinct habitat types (an open water site or a
vegetated cover site in the same stream) that we mixed with either alarm substance or a distilled water control. Upon subsequent
exposures to the habitat waters alone, minnows showed a fright response to the habitat water that they received in conjunction
with alarm substance but not to the other habitat water. These results indicate that minnows can learn to recognize high-risk
habitats based on the association of habitat specific chemical cues with alarm substance. The ability to recognize these habitats
could potentially lower the minnows' risk of predation. These results provide evidence of a long-term benefit to receivers of a
chemical alarm signal. Key words: alarm substance, antipredator behavior, Cyprinidae, fathead minnow, habitat recognition,
Pimephales promdas, predator avoidance, Schreckstoff. [Behav Ecol 6:155-158 (1995)]

Prey defense mechanisms generally function to decrease
the probability that a prey will encounter a predator or

to increase the probability that it will survive an encounter
(Edmunds, 1974; Lima and Dill, 1990). One means of reduc-
ing the probability of encountering predators is to avoid hab-
itats where predation occurs. In this study we investigate a
mechanism that fathead minnows (Pimephales promelas) may
use to recognize particular habitats as dangerous.

Fathead minnows, like most fish species in the Superorder
Ostariophysi, possess an alarm substance (AS), or Schreck-
stoff, in fragile epidermal club cells (review, Smith, 1992). Me-
chanical damage to the club cells, as would occur during a
predator attack, releases the AS, which other individuals can
then detect. Receivers of the alarm signal exhibit a species-
specific fright reaction.

Goz (1941) demonstrated that AS can condition a fright
response to previously neutral stimuli. Blinded European min-
nows (Phoxinus phoxinits) exhibited a fright reaction to chem-
ical stimuli from northern pike (Esox Indus) only after the
pike attacked conspecifics in their presence. AS released dur-
ing the attack conditioned the blind minnows to respond to
chemical stimuli from pike in later tests. For European min-
nows this mechanism of acquisition of predator recognition
has been confirmed by Magurran (1989) using predator-naive
minnows. Similarly, AS can condition fathead minnows to rec-
ognize potential predators on the basis of both visual (Chivers
and Smith, 1994a) and chemical (Chivers and Smith, 1994b)
stimuli.

We hypothesized that if minnows could learn to recognize
potentially dangerous predators through the pairing of AS
with the predator, then diey should also be able to learn to
recognize high risk habitats through the same mechanism. To
test this hypothesis we exposed minnows to water from one
of two distinct habitat types (an open-water site or a vegetated
cover site in the same stream) that we mixed with either AS
or a distilled water control. We then tested whether the min-
nows would exhibit a fright response to the specific habitat
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water which they received in conjunction with AS but not re-
spond to water from the other habitat If minnows can be
conditioned to recognize high-risk habitats they may be able
to lower their risk of predation by either avoiding the high-
risk site or by altering their behavior (e.g., increasing vigi-
lance) when in the area. Under natural conditions multiple
cues may be involved in recognizing dangerous sites; however,
the use of chemical cues may be especially important when
visual cues are of limited utility because of high turbidity or
low light conditions.

METHODS

Subjects and test stimuli

In the fall of 1992 we collected fathead minnows from Marshy
Creek in south-central Saskatchewan, Canada. We transferred
them to a large (approximately 18,000 1) outdoor pool and
maintained them throughout the winter at temperatures rang-
ing from 4"C to 15°C In the spring we transferred the min-
nows into a 300-1 stream tank in the laboratory, and main-
tained them at approximately 15°C on a 14 h light: 10 h dark
photoperiod, feeding them daily with Nutrafin Goldfish food.

In the spring of 1993 we collected a water sample from each
of two locations in Marshy Creek. The first site was an open
water site (approximately 1 m deep) approximately 5 m from
the closest emergent vegetation. The second site was vegetat-
ed cover site (approximately 0.5 m deep), which had emer-
gent cattails (Typha latifotia) and bulrushes (Scirpusspp.) and
was approximately 5 m from the closest open water. The two
water collection sites were approximately 15 m apart, but were
several km downstream of where the minnows were collected
the previous fall. We collected the water samples using new
plastic bags, and were careful not to contaminate either sam-
ple with any foreign substances. We sealed the water samples
and transferred them to the laboratory where we filtered
them through glass wool. We pipetted each of the water sam-
ples into both 5-mI and 50-ml plastic containers and froze the
samples at approximately —20°C.

We prepared the alarm substance stimulus (AS) from 15
donor fathead minnows. We killed the nine male and six fe-
male donors bv a blow to the head and removed the skin from
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both sides of each fish (total area of skin collected = 24.6
cm1). Immediately upon removal we placed the skin samples
together in 50 ml of chilled glass-distilled water. We homog-
enized the skirr samples with a polytron homogenizer and fil-
tered the homogenate through glass wool to remove any solid
particles. We diluted the homogenate with 350 ml of glass-
distilled water, pipetted the extract into 5-ml containers and
froze the extract at approximately — 20°C. As a control stim-
ulus we also froze 5-ml units of glass-distilled water in the same

Initial conditioning trials

To test whether fathead minnows can learn to respond with
a fright response to specific habitat waters in which they ex-
perience a dangerous situation, we first had to pair either AS
(experimental treatment) or distilled water (control treat-
ment) with the specific habitat water. We randomly selected
48 minnows (x ± SD fork length = 5.5 ± 0.45 cm) and
placed one minnow into each experimental observation tank
(37 1: 50 X 30 X 25 cm). All tanks were visually separated
from each other. Each tank contained a ceramic shelter (9.8
X 20.0 cm) mounted on three cylindrical glass legs (5.5 cm
in length) in the center and an airstone at the back. A plastic
tube, to introduce chemical stimuli, was attached to the air-
line. We did not filter the water in the tanks, but the bottom
of each was covered with a shallow layer of sodium zeolite
chips which remove ammonia from the water.

The minnows were kept in the observation tanks at ap-
proximately 19°C on a 14 h light: 10 h dark photoperiod and
left undisturbed, except for daily feedings, for three days be-
fore starting the experiment. Between 0730 h and 1130 h half
of the minnows were exposed to 50 ml of water from the open
site on the first day of their test sequence. The other half were
exposed to 50 ml of water from the cover site on the first day
of their test sequence. Within each of these conditions half of
the minnows received 5 ml of AS (experimental treatment)
and the other half received 5 ml of water control. We tested
diree fish per day and randomized the order of treatments.
We recorded the amount of time that each minnow spent
beneath the shelter for 8 min before and after injection of
die stimulus water. During the post-stimulus period we also
recorded the presence or absence of two additional compo-
nents of a fright reaction in fathead minnows: (1) dashing:
very rapid, apparendy disoriented swimming, and (2) freez-
ing: the cessation of movement where the fish drops to the
bottom of the tank and remains immobile for a minimum of
30 s. Increased shelter use and freezing likely make the fish
less conspicuous to visually hunting predators, while dashing
may prevent a predator from locking its sights onto the min-
now, and may take the minnow away from the immediate vi-
cinity of danger (Lawrence and Smith, 1989; Mathis and
Smith, 1993a; Mathis et al., 1993).

We used a Wilcoxon-Mann-Whitney test (Siegel and Cas-
tellan, 1988) to compare the change in shelter use in response
to the AS (experimental) and water (control) treatments for
both stimulus waters. Data for the presence versus absence of
dashing and freezing were analyzed using a Fisher's exact
probability test (Siegel and Castellan, 1988). As diere was a
predicted direction of difference, we employed one-ailed sta-
tistical tests with a = 0.05.

Responses of conditioned minnows

Matiiis and Smith (1993b) have demonstrated that for fathead
minnows, a fright response may be elicited by a neutral chem-
ical stimulus (water) that is presented in the same manner as
a previous fright stimulus (chemical stimuli from pike). In

their study, moving the fish to a different experimental situ-
ation eliminated the fright response to the neutral stimulus.
We employed the same technique in this study. The day after
the initial conditioning trials we transferred the minnows
from die 37-1 aquaria to separate Plexiglas acclimation tanks
(45 X 45 X 20 cm) that were constandy supplied with clean
water at a rate of 250 ml per minute, maintaining a constant
water depth of 4-5 cm. Each tank contained a floating circular
shelter measuring 9 cm in diameter. Feeding, temperature,
and lighting conditions were as described earlier. After two
days we transferred the minnows into separate testing tanks
that were identical to the acclimation tanks except that the
flow rate was increased to 500 ml per minute. Testing oc-
curred the following day. Four days elapsed between the initial
conditioning and subsequent testing. The order of testing was
determined randomly.

Each of the test tanks was surrounded by an Opto-Varimex
Aqua tracking system (Columbus Instruments) that lays down
a grid of light beams across the tanks. A microcomputer diat
was connected to the tracking meter detected changes in the
fish's movement by determining the number and location of
light beams that were broken (Lemry and Smidi, 1986, 1987).
Our system differed slightly from that of Lemh/ and Smith
(1986, 1987) in that outflowing water was discarded rather
uian recirculated. The computer recorded the total distance
traveled (cm) by each minnow. When- exposed to either AS
(Chivers and Smith, 1993; Lawrence and Smith, 1989) or
chemical stimuli from known predators (Chivers and Smith,
1994b; Mathis et al., 1993) fathead minnows in die Opto-Var-
imex test tanks decrease their total distance traveled. In die
Opto-Varimex apparatus, freezing and increased shelter use
led to a decrease in die recorded distance traveled. Brief pe-
riods of dashing may occur in a fright reaction but their con-
tribution to total distance traveled is usually not sufficient to
override the general decrease in activity.

From an adjacent room we were able to inject chemical
stimuli into the experimental tanks via inflowing water lines
diat passed through die observation room before entering die
test tanks. Between 0730 h and 1130 h we exposed minnows
to water to which diey were not exposed in the initial condi-
tioning trials (i.e., minnows conditioned with either AS or dis-
tilled water and exposed to water from die open site during
initial conditioning trials were exposed to water from the cov-
er site, and minnows conditioned with eidier AS or distilled
water and exposed to water from die cover site during initial
conditioning trials were exposed to water from die open site).
Each trial lasted 16 min widi 5 ml of stimulus water being
injected at the end of 8 min. Using the same protocol, later
die same day between 1130 h and 1330 h we exposed die
minnows conditioned widi AS and diose conditioned widi dis-
tilled water to die water stimuli diat diey were exposed to in
die initial conditioning trials. Testing fish conditioned widi
distilled water in die same manner as those conditioned with
AS controlled for any confounding effects of die time of day
at which die fish were tested.

For minnows in each of die four conditions, we used a Wil-
coxon—Mann-Whitney test to test for a change in die min-
nows' distance traveled following exposure to die treatment
waters. We employed one-tailed statistical tests when diere was
a predicted direction of difference.

RESULTS

Minnows simultaneously exposed to AS and water from die
open habitat site during die initial conditioning trials signifi-
candy increased their use of shelter (Wx = 108.5, m = 12, n
= 12, p = .009, one-tailed, Figure 1A) and exhibited signifi-
candy more dashing and freezing (Table 1) dian [hose ex-
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A. Minnows Exposed To
Water From The Open
Habitat Site.

B. Minnows Exposed To
Water From The Cover
Site.

Minnows Exposed
To Alarm Substance

Minnows Exposed
To Distilled Water

Table 1
Number of minnows exposed to water from the open she exhibiting
dnhmg and freezing behavior during initial conditioning trials

Figure 1
Mean change (± SE) in time (s) spent under shelter by (A)
minnows exposed to water from the open habitat site, and (B)
minnows exposed to water from the cover site during initial
conditioning trials.

posed to the distilled water control and water from the open
site. Similarly, minnows simultaneously exposed to AS and wa-
ter from the cover site during initial conditioning trials sig-
nificantly increased their use of shelter (Wx = 120, m = 12,
n = 12, p = .045, l-tailed, Figure IB) and exhibited signifi-
cantly more dashing (Table 2) than those exposed to the dis-
tilled water control and water from the cover site. The fre-
quency of freezing was not significandy different between
minnows exposed to AS and water from the cover site and
those exposed to die distilled water control and water from
die cover site; however, the trend was in the predicted direc-
tion (Table 2). These results demonstrate diat minnows ex-
posed to AS exhibited a fright response, while diose exposed
to the distilled water control did not, regardless of whether
the minnows were exposed to water from the open or cover
site.

Minnows exposed to AS and water from the open habitat
during die initial conditioning trials subsequendy responded
more strongly in terms of reduced distance traveled in re-
sponse to water from the open site than to water from the
cover site (Wx = 113, m = 12, n = 12, p = .017, l-tailed,
Figure 2A). Similarly, minnows exposed to AS and water from
the cover site during the initial conditioning trials subsequent-
ly responded more strongly in terms of reduced distance trav-
eled in response to water from the cover site than to water
from the open site (Wx = 109, m = 12, n = 12, p = .010,
l-tailed, Figure 2B). In contrast, minnows exposed to die dis-
tilled water control and water from one habitat during initial
conditioning trials did not subsequendy respond more strong-
ly in terms of reduced distance traveled in response to water

Yes No

Dashing
Minnows exposed
to alarm substance
Minnows exposed to
water control

Freezing
Minnows exposed
to alarm substance
Minnows exposed
to water control

11

0

4-

0

1

12

8

12

<.001

.047

from the same habitat than to water from the odier habitat
(open: Wx = 139, m = 12, n = 12, p = .542, 2-tailed, Figure
2A; coven Wx = 148, m = 12, n = 12, p = .928, 2-tailed,
Figure 2B).

DISCUSSION

The results of this study demonstrate that fathead minnows
can become conditioned to recognize die water from distinct
habitats as dangerous based on the association of habitat spe-
cific chemical cues with AS. Under natural conditions min-
nows may also use other senses, including vision, to recognize
high-risk habitats; however, unlike chemical cues, visual cues
may be of limited utility under low light conditions. The rec-
ognition of high-risk habitats may allow minnows to be more
vigilant and cautious when moving around the area, thereby
lowering dieir risk of predation. The recognition of high-risk
habitats may also allow minnows to reduce the probability of
predation by avoiding areas where predators have recendy
been successful at capturing conspecifics. Actual avoidance of
an area, however, will likely also depend on other factors such
as the gains in foraging in relation to perceived risk (review
Milinksi, 1993).

In our study die minnows recognized die habitat-specific
waters as dangerous dirough a single conditioning trial that
occurred 4 days before testing. We have not tested long-term
retention of die learned response; however, minnows condi-
tioned to potential predators widi AS retain the response for
at least 2 months (Chivers and Smidi, 1994a). Given that a
predator on minnows is likeh/ a predator diroughout the min-

Table 2
Number of minnows exposed to water from the cover site exhibiting
dashing and freezing benarior during initial conditioning trials

Yes No p

.043

.239

Dashing
Minnows exposed
to alarm substance
Minnows exposed to
water control

Freezing
Minnows exposed
to alarm substance
Minnows exposed
to water control

6

1

2

0

6

11

10

12
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Figure 2
Mean change (±SE) in total
distance traveled (cm) in £
min following exposure to wa-
ter from the cover rite and wa-
ter from the open site by (A)
minnows exposed to water
from the open site during ini-
tial conditioning trials and (B)
minnows exposed to water
from the cover site during ini-
tial conditioning trials.
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A. Minnows Initially Exposed To
Water From The Open Site.

P-0.542

B. Minnows Initially Exposed To
Water From The Cover Site.

Minnows Initially Exposed
To Alarm Substance.

Minnows Initially Exposed
To Distilled Water.

P-0.017

P-0.928

P-0.010
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now's life, while a dangerous habitat may only be dangerous
for a short duration, we may expect a longer term retention
of predator recognition than for dangerous habitat recogni-
tion. Long-term retention of habitat-specific cues also may not
be necessary given that in nature minnows should have the
opportunity to continually update the relative risks associated
with various habitats based on the frequency with which they
encounter AS in the habitat This remains to be investigated.

Further research possibilities include identifying both the
specific cues used by the minnows and the scale on which
minnows can distinguish between habitat waters. Hasler and
Wisby (1957) demonstrated that bluntnose minnows (Pime-
phales notalus) can distinguish between waters from different
streams. Our study shows the ability to distinguish on a much
finer scale as the water samples used were collected 15 m
apart within the same stream. The ability to distinguish be-
tween microhabitat cues will likely prove to be even finer than
our study demonstrates.

Because minnows can learn to recognize high-risk habitats
through the association of AS with specific habitat cues the
possibility exists that minnows may be able to lower their risk
of predation. As with the acquisition of predator recognition
through conditioning with AS, the acquisition of dangerous
habitat recognition through conditioning with AS provides ev-
idence of long-term benefits to the receivers of a chemical
alarm signal.
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