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Abstract Chemical characterization of damage-released
alarm cues in ostariophysan fishes has lagged far behind
the study of the ecological role that these cues play in
behavioral decision-making of prey fishes. Chondroitin
sulfate has been identified as a putative component of
alarm cue based on two laboratory studies of zebrafish,
Danio rerio, and the northern studfish, Fundulus catenatus.
The fathead minnow, Pimephales promelas, is a model
organism in the study of chemically mediated predator—
prey interactions, in part because they can be studied in the
laboratory and under field conditions. Here, we conducted
a field experiment on wild populations of fathead minnows,
to test for area avoidance of chondroitin sulfate relative to
conspecific skin extract (containing alarm cues = positive
control) or water (negative control). We repeated the
experiment in two small lakes in central Minnesota using
minnow traps containing blocks of sponge with one of the
three test cues. We found that fathead minnows avoided
traps chemically labeled with conspecific alarm cue more
than control traps labeled with water, and that the number
of minnows caught in traps labeled with chondroitin sulfate
was intermediate between alarm cue traps and water traps.
These data are consistent with laboratory findings that
chondroitin sulfate is a component of alarm cue, but that
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other species-specific compounds are needed for a full
behavioral response.
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Introduction

Predation is a major agent of natural selection, which has
selected for a wide range of antipredator strategies (Lima
and Dill 1990). Those best able to detect and respond to
risk of predation have relatively high fitness. Trade-offs
between predator avoidance and other behavioral activities
such as habitat selection, food acquisition, and reproduc-
tion indirectly drive the evolution of many behaviors.
Maximum benefits to prey occur when risk of predation
is detected at an early stage in the predation sequence
before predators have detected prey, or initiated an attack
(Weldon 1983; Lima and Dill 1990; Smith 1992). In
aquatic habitats, chemicals released as passive by-products
of predation reliably indicate risk of predation to nearby
prey. These effects are well studied and have generated a
large and active literature (see Chivers and Smith 1998;
Ferrari et al. 2010; Smith 1992; Wisenden 2015a for
reviews). Much of this work has used fathead minnows as
test subjects because they adapt well to laboratory aquaria
and they are relatively accessible to study in the field.
Kairomones are chemicals released by predators that prey
use to detect the presence of predation risk. A pulse release
of urinary ammonia by startled or disturbed prey that alerts
others in the area of a threat is referred to as a disturbance
cue. When epidermal tissue is harmed during an attack,
damage-released alarm cues permeate the surrounding
water and alert conspecifics and ecologically similar
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species of an actively foraging predator. Post-ingestion
“dietary cues” are released from the digestive tract of
predators. The release of these chemical creates opportu-
nities to associate novel stimuli with predation risk (Brown
2003; Kelley and Magurran 2003), which greatly increases
the ability of prey to detect the presence of predation risk.

Despite intense research activity, little progress has been
done on the chemical characterization of these compounds,
specifically damage-released alarm cues, although it has
not been for lack of trying. The full history of attempts to
elucidate the chemistry of alarm cues in fish from 1941 to
2004 is succinctly summarized in a review by Dgving et al.
(2005). A leading candidate molecule emerged in the 1970s
as the likely active ingredient in minnow alarm cue:
hypoxanthine-(3N)-oxide (Argentini 1976). Hypoxanthine-
(3N)-oxide is effective in evoking an alarm response from
black tetras Gymnocorymbus ternetzi (Pfeiffer et al. 1985),
zebrafish (Parra et al. 2009) and fathead minnows (Brown
et al. 2000, 2001). However, other studies have found weak
(Mathuru et al. 2012) or no response (Tuvikene and Frei-
berg, unpublished data, cited in Dgving et al. 2005) to
hypoxanthine-(3N)-oxide. Other work on the chemistry of
alarm cues in fish point to a role for protein or polypeptides
as either the active agent or as a carrier molecule (Ka-
sumyan and Lebedeva 1979; Kasumyan and Ponomarev
1987; Wisenden et al. 2009).

Recent research revealed that purified chondroitin sul-
fate, a glycosaminoglycan (GAG) found in mucus, triggers
antipredator behavior in zebrafish Danio rerio (Mathuru
et al. 2012). This finding has been corroborated indepen-
dently on northern studfish Fundulus catenatus (Farnsley
et al. 2016). Mathuru et al. (2012) reported antipredator
behaviors of reduced activity, movement to the bottom and
dashing (rapid erratic swimming), which are all well-
known components of alarm behavior (Ferrari et al. 2010).
However, the behavioral response to chondroitin sulfate
reported by Mathuru et al. (2012) was not as intense as the
behavioral response to crude skin extract, suggesting that
chondroitin sulfate was a component of alarm cue, but that
other compounds present in skin, perhaps ones that denote
species specificity, are necessary to evoke a full alarm
response. Northern studfish reduced activity and spent
more time near the bottom of the tank in response to
chondroitin sulfate relative to a water control, but this
study did not include a positive control treatment of crude
skin extract to allow a comparison against full potency
alarm cue (Farnsley et al. 2016).

Experimentation with the role of chondroitin sulfate as a
putative chemical component of alarm cue has, thus, far
been restricted to laboratory conditions (Farnsley et al.
2016; Mathuru et al. 2012) and not been tested on the
fathead minnow, which is arguably the model organism for
chemically mediated predator—prey interactions in fishes.
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Here, we report the result of two field experiments that
recorded area avoidance by wild populations of fathead
minnows in response to chondroitin sulfate relative to
conspecific skin extract (containing alarm cues = positive
control) or water (=negative control). The experiment was
conducted in two small lakes in central Minnesota using
minnow traps containing blocks of sponge soaked with one
of the three test cues.

Methods and materials
Field sites

We conducted two independent tests of the aversive effects of
chondroitin sulfate in June 2017; one in Deming Lake
(47°09'59.78" N, 95°10'28.90” W, elev. 485.5 m), and the
other in nearby Budd Lake (47°10'13.14" N,
95°10007.12" W, elev. 476.1 m), both located in Itasca State
Park, Minnesota, USA, and the site of the Itasca Biological
Field Station of the University of Minnesota. These lakes have
been the focus of previous field study of alarm cues in littoral
fishes (Wisenden and Barbour 2005; Wisenden 2008;
Wisenden et al. 2009). Both lakes are meromictic, which
creates low dissolved oxygen levels during periods of ice and
snow cover (December to April) that is fatal to large pisci-
vores. Consequently, these lakes support dense populations of
small fishes amenable to field experiments. Deming Lake is
approximately 5 ha in area and during the time of this study
contained fathead minnows (Pimephales promelas), northern
redbelly dace (Chrosomus eos), blacknose shiners (Notropis
heterolepis), golden shiners (Notemigonus crysoleucas),
pumpkinseed sunfish (Lepomis gibbosus), brook stickleback
(Culaea inconstans), central mudminnows (Umbra limi),
black bullhead catfish (Amieurus melas) and Iowa darters
(Etheostoma exile). Budd Lake is approximately 3 ha in area
and contains only two fish species: fathead minnows and
northern redbelly dace.

Stimulus preparation

Minnow alarm cue for the Deming Lake experiment was
prepared from locally collected fathead minnows pur-
chased at a bait shop. Minnows were humanely killed by
severing the spinal cord with a razor blade. We carefully
removed sheets of skin (=dermal 4 epidermal tissue) from
each flank of seven fathead minnows (mean £ ISE total
length = 6.26 & 0.14 cm), and placed the skin in deion-
ized water maintained near 0 °C to minimize biochemical
degradation. The total area of skin harvested was
41.49 cm?. We homogenized the skin with a hand blender
for 60 s. The resulting solution was filtered through a loose
wad of cheesecloth to remove large sheets of connective
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tissue. The filtrate was diluted to a final volume of 240 ml
with deionized water and aliquoted into 20 ml doses
infused into 12 blocks of cellulose sponge of dimensions
38 x 36 x 42 mm. Thus, each sponge contained the
equivalent of 3.46 cm® of minnow skin. The test solution
for chondroitin sulfate (Sigma-Aldrich CAS 39455-18-0,
chondroitin sulfate derived from bovine trachea) was pre-
pared by dissolving 4.0 g of chondroitin sulfate into
240 ml of deionized water and aliquoting this solution into
12, 20 ml doses infused into 12 sponge blocks (0.33 g per
sponge). Deionized water was infused into a third set of 12
sponges to be used as the negative control. Alarm cue for
the Budd Lake experiment was prepared using fathead
minnows collected by seine net from Deming Lake. A total
of 49.28 cm® of skin was collected from 12 fish
(mean £ 1SE total length = 5.71 4 0.16 cm) as described
above and infused into identical sponge blocks (4.1 cm?
skin per sponge). Chondroitin sulfate and water sponges
used for the Budd Lake experiment were prepared with the
same protocols as described for the Deming Lake experi-
ment. Sponges were frozen at —20 °C until needed.

Field protocol

Thirty-six Gee® wire mesh minnow traps (23 cm in
diameter, 44.5 cm long) were used for each experiment.
Sponges were transported to the field on ice so that they
remained frozen until placed in the water. We set traps in
triplicate (one trap for each sponge treatment type)
approximately 10 m apart along the shore of each lake,
approximately 1 m from shore and at a depth of about
0.5-1.0 m. Sponges were affixed to the inside of each
sponge using a small piece of stainless steel wire and
positioned mid-way between the funnel entrances at each
end of the trap. We waited 8 min before setting the next
trap triplicate. We set 12 triplicates (representing one of
each of the three sponge treatments) for a total of 36 traps
per lake. We began sampling trap triplicates when the first
triplicate had been in the water for 2 h, and counted and
identified fish caught in each trap within 8 min so that the
subsequent trap triplicate was sampled when it too had
been in the lake for exactly 2 h, thus ensuring that all traps
were available to catch fish for exactly 2 h. All fishes were
returned to the lake as they were processed. Field data were
collected from Deming Lake on June 2, 2017, and from
Budd Lake on June 20, 2017.

Statistical method

Data were not normally distributed (Kilmogorov-Smirnov
test, P < 0.05); therefore, Kruskal-Wallis ANOVAs were
conducted to compare the number of fish caught per trap
among treatment groups. One outlier datum was identified

as being 3.8 standard deviations above the mean and
excluded from further analysis.

Results

We caught 2775 fish on June 2 in Deming Lake and 2392
fish in Budd Lake on June 20 (Table 1). Free-living fathead
minnows in their natural habitat avoided traps that were
chemically labeled with conspecific alarm cues relative to
control traps labeled with water (KW ANOVA:
X? = 6.268, df = 2, P = 0.044; Fig. 1). The number of
fathead minnows caught in traps labeled with chondroitin
sulfate was intermediate between that of water and alarm
cue-labeled traps, indicating partial, but not full avoidance
of chondroitin sulfate. Post hoc pairwise tests (Siegel and
Castellan 1988) indicated Water and Chondroitin Sul-
fate > Chondroitin Sulfate and Alarm Cue (P < 0.05).
There was no effect of lake (Mann—Whitney U test:
U =611, P = 0.824).

The number of redbelly dace caught per trap was not
affected by sponge treatment (KW ANOVA: X* = 2.566,
df = 2, P = 0.277; Fig. 2) nor was there any effect of lake
(Mann—Whitney U test: U = 614, P = 0.699).

Traps set in Deming Lake caught several other fish
species but none of them responded to sponge treatments:
(pumpkinseed sunfish KW ANOVA: X? = 0.353, df =2,
P = 0.830, Fig. 3; blacknose shiners KW ANOVA:
X? = 0.761, df = 2, P = 0.684, Fig. 4). Catch rates for
brook stickleback were too low to be useful for testing the
effect of sponge treatment (Table 1).

Discussion

Avoidance of chondroitin sulfate by free-living fathead
minnows was intermediate between avoidance of con-
specific alarm cue (positive control) and water (negative
control). This is the first report of behavioral responses by
fathead minnows to chondroitin sulfate, and the first test to
be conducted under field conditions. Although behavioral
responses are more difficult to demonstrate under field
conditions because so many variables are not controlled,
field data are valuable because they occur in the ecological
context in which these behaviors evolved (Mathis and
Smith 1992; Wisenden et al. 2004). Our findings are con-
sistent with the findings of Mathuru et al. (2012) who found
partial antipredator behavioral response to chondroitin
relative to raw skin extract. Chondroitin sulfate has bio-
logical activity but it is not the sole component of alarm
cue in zebrafish (a member of the minnow family) or fat-
head minnows. Alarm cue derived from damaged epithelial
tissue is likely a mixture of two or more compounds that
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Table 1 Catch total by species for Deming Lake (June 2) and Budd
Lake (June 20)

FHM RBD PKS BNS BSB
Deming lake 805 991 759 178 42
Budd lake 1371 1021

Although additional fish species are present in Deming Lake, none
were caught in our traps during this experiment

FHM tathead minnows, RBD redbelly dace, PKS pumpkinseed sun-
fish, BNS blacknose shiner, BSB brook stickleback
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Fig. 1 Medians (horizontal bar) and quartiles (box) of the number of
fathead minnows caught per trap in traps chemically labeled with
conspecific alarm cue (positive control), chondroitin sulfate, or water
(negative control). Data from both lakes are combined
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Fig. 2 Medians (horizontal bar) and quartiles (box) of the number of
redbelly dace caught per trap in traps chemically labeled with
heterospecific alarm cue (positive control), chondroitin sulfate, or
water (negative control). Data from both lakes are combined

confer predator activity and information about species
specificity of the prey (Wisenden 2015a), and in some
cases size or life-stage specificity (Mirza and Chivers
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Fig. 3 Medians (horizontal bar) and quartiles (box) of pumpkinseed
sunfish caught per trap in Deming Lake in traps chemically labeled
with heterospecific alarm cue (positive control), chondroitin sulfate,
or water (negative control)
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Fig. 4 Medians (horizontal bar) and quartiles (box) of the number of
blacknose shiners caught per trap in Deming Lake in traps chemically
labeled with heterospecific alarm cue (positive control), chondroitin
sulfate, or water (negative control)

2002). Perhaps other components of alarm cue are com-
pounds such as hypoxanthine-(3N)-oxide or a similar
molecule with a N-O side group (Brown et al. 2000, 2001)
and/or a variety of polypeptides that could be a rich source
of chemical information about the individual fish releasing
the cue (Decho et al. 1998; Ferrari et al. 2010; Wisenden
et al. 2009).

We found one outlier datum in which a very high
number of fish entered a trap chemically labeled with alarm
cue. Previous research suggests that this probably resulted
from a synergy between a chemical cue about predation
risk and a social cue created by fish already in the trap
(Wisenden et al. 2003). Once a trap begins to catch fish, the
response to the chemical alarm cue switches from area
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avoidance to increased shoal cohesion with fish inside the
trap, even though the trap is the source of the alarm cue
(Wisenden et al. 2003). Limiting the duration of the
experiment to 2 h usually precludes this from occurring,
but the existence of this phenomenon is a good example of
why it is important to test these effects in the field.

There were no detectable responses by other fish species
to fathead minnow alarm cue or to chondroitin sulfate. This
was unexpected because cross-species reactions by red-
belly dace to alarm cues of fathead minnows are
ecologically relevant (Chivers et al. 2002) and have been
observed in previous studies at these study sites by redbelly
dace and by brook stickleback (Wisenden et al. 2003;
Wisenden 2008). However, it is apparent that catch rates of
cyprinid species (redbelly dace, blacknose dace) trended in
the rank order of alarm cue < chondroitin sulfate < water.
We have never observed pumpkinseed sunfish to respond
to chemical alarm cues of cyprinids in previous studies
(Wisenden 2008). The study on northern studfish indicates
that chondroitin sulfate is biologically active for fishes
outside of the Cyprinidae or Ostariophysi (Farnsley et al.
2016).

The emergence of chondroitin sulfate as a likely com-
ponent of alarm cues reprises interest in the role that
epidermal club cells may play as a contributor to alarm
cues. These cells are a defining characteristic of fishes in
the speciose superorder Ostariophysi (Nelson 2006), most
of which are obligate schooling species, but also in non-
ostariophysan groups such as the speciose percidae (Smith
1992). However, for these cells to be maintained by natural
selection for the function of producing alarm cue, there
must be one or more mechanisms by which they can
contribute to the inclusive fitness of those that invest in
them (Weldon 1983; Wisenden 2015b). Leading hypothe-
ses include the presence of kin among the receivers
(evidence is not compelling but it is possible, Russell et al.
2004), nearby predators to attempt to pirate food from the
primary predator allowing the prey that released the alarm
cue to escape (it is unclear how often these circumstances
occur in nature, Chivers et al. 1996), or that these cells
simultaneously serve another function that provides a
direct fitness benefit, such as an immune response (Chivers
et al. 2007; Smith 1992). Because chondroitin sulfate is
now implicated as a component of alarm cue (Farnsley
et al. 2016; Mathuru et al. 2012; this study), and confirmed
to be present in epidermal club cells and serve a role in the
immune system (Ralphs and Benjamin 1992), there may
now be renewed justification for studying the interactions
between immunocompetence and the evolution of alarm
cues and alarm signals (Smith 1986; Wisenden 2015b).

This is the first field test of chondroitin sulfate as a
putative component of alarm cues in fishes. The partial
support for a role of chondroitin sulfate reported here opens

possibilities for future research testing chondroitin sulfate in
combination with other test compounds such as hypoxan-
thine-(3N)-oxide, biochemical components of fractionated
skin extract (e.g., Kasumyan and Lebedeva 1979; Kasumyan
and Ponomarev 1987; Lebedeva et al. 1975; Mathuru et al.
2012), and for application to the management of nuisance
species in the field (Sorensen and Johnson 2016).
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