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Abstract—Behavioral responses to chemical cues have been demonstrated
for a range of aquatic animals. Injury-released chemical alarm cues from con-
specifics are released when a prey’s predator is actively foraging. Detection
of these cues elicits antipredator behaviors that reduce the probability of preda-
tion. Amphipod crustaceans in the gef@smmarusre widespread denizens of
ponds and streams. Antipredator responseSammarugo conspecific alarm
cues, and subsequent reduction of predation risk, are known from experiments
inthe laboratory. Here, we verify laboratory findings by demonstrating an avoid-
ance response to alarm cues using a field populatidd. dacustris.We used
small traps baited with sponge blocks containing either water (control) or injury-
released cues froBammarusWe repeated the experiment twice. In both ex-
periments, significantly feweGammaruswere captured in traps with alarm
cue sponges than in traps with water sponges. Predatory leBah@parva

were attracted t@GGammarustraps in the first experiment but not the second
experiment. In the second experiment, we measured the individual weight of
captured amphipods. Two size classes were present; small (1-5 mg) and large
(35-108 mg). Both sizes contributed to the avoidance response. Within the large
size class, small individuals were significantly less responsive to the alarm cue
than large individuals, implying that small ad@ammarusnay have different
cost/benefit decision criteria for risk assessment than l@aggmarus.
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INTRODUCTION

Predator—prey interactions in aquatic environments are mediated, in part, by chem-
ical cues released from various sources including disturbed and/or injured prey, and
predators (Smith, 1992; Chivers and Smith, 1998; Kats and Dill, 1998; Tollrain
and Havell, 1999; Wisenden 2000). Injury-released chemical alarm cues are re-
leased after a successful predatory attack and indicate imminent and proximate dan-
ger to conspecifics of the prey (see Chivers and Smith, 1998, for review). Aquatic
taxa ranging from protozoa to amphibia use alarm cues to detect and avoid preda-
tors. Most of these studies have been conducted in the laboratory setting. While lab-
oratory studies provide a carefully controlled environment in which to test specific
hypotheses, the results lack the realism of the natural habitat. Field verification of
laboratory findings is an important part of the scientific study of chemical ecology.

Amphipods in the genu&ammarusoccur commonly in aquatic environ-
ments. They are smalk{2 cm) detritivores that associate closely with the substra-
tum and fall prey to a wide variety of predators. The substratum is often highly
structured and water clarity often limited, reducing the reliability of visual infor-
mation in assessing predation riskammarusare well suited for the study of
chemically mediated predator—prey interactions because they can be studied in the
laboratory and in the field.

Laboratory populations @dammarushow antipredator behavior in response
to injury-released alarm cues of conspecifics (Williams and Moore, 1985; Mathis
and Hoback, 1997; Wudkevich et al., 1997). In a laboratory study, latency to first
capture by predatory green sunflsfpomis cyanellugras significantly longer for
Gammarusexposed to conspecific alarm cues ti@ammarusexposed to water
or heterospecific alarm cues (Wisenden et al., 1999).

It has not yet been established that free-livdgmmarugespond with an-
tipredator behavior to conspecific alarm cues in their natural habitat. We tested a
field population ofGammarudor an avoidance response to alarm cues modeled
after similar experiments on small fishes (e.g., Mathis and Smith, 1992; Chivers
and Smith, 1994; Wisenden et al., 1995). Small sponge blocks soaked in water
(control) or injury-released alarm cues@mmarusvere placed in small inverte-
brate traps. If fieldsammarusavoid alarm cues, then we predicted that traps with
alarm cues would catch few&ammarughan traps with water.

Recognition of conspecific alarm cues as indicators of risk generally occurs
at a very early stage of development and requires no previous experience (Pfeiffer,
1963; Waldman, 1982; Magurran, 1989). However, there is some evidence from
fishes that large individuals avoid alarm cues more effectively than small indi-
viduals (Mathis and Smith, 1992; Chivers and Smith, 1994; Chivers et al., 1995).
Large, old individuals are more experienced than small, young individuals and may
improve or acquire recognition of danger cues with age, particularly for responses
to heterospecific alarm cues (Chivers et al., 1995). Alternatively, larger individuals
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may be more vulnerable to predation and, thus, exhibit a lower response threshold
than small individuals (Mathis and Hoback, 1997).

To investigate the effect of size on recognition of conspecific alarm cues
we weighed capture@ammarusWe predicted that if aversion of alarm cue was
acquired with age, or if cost/benefit decision criteria change with size, then large
Gammaruswould be caught in alarm cue traps in lower proportions than small
Gammarus.

METHODS AND MATERIALS

Experiment 1Alarm cue was prepared from ad@ammarus lacustrisam-
pled from Erhard Pond in fall of 1997, located approximately 70 km SE of Moor-
head, Minnesota, USA (480N, 96°05W). Erhard Pond does not contain any
fish species. A stock solution of alarm cues was prepared be reducing 15 adult
Gammarugmean weight: SE= 52.1+ 1.6 mg,N = 15) to a fine pulp with
mortar and pestle and diluting to a final volume of 37.5 ml with dechlorinated tap
water. Small blocks of cellulose spongexX2 x 1.5 cm) each received 1.5 ml of
the stock solution of alarm cues. This method of stimulus preparation is similar to
the one successfully used by Wudkevich et al. (1997) and Wisenden et al. (1999).
We thus prepared 15 sponges@Gdmmarusalarm cue and froze them a20°C.
Fifteen additional sponge blocks were soaked in 2.5 ml of dechlorinated tap water
to control for the effect of sponge and water and then frozen28rC. Sponges
were kept on ice during transport to the study site and remained frozen until used
in the experiment to guard against any degradation of the cue.

We placed 30 invertebrate traps in Erhard Pond approximately 5 m apart
along the shore, at a depth of about 0.5 m. The traps consisted of a 1-q (946-ml)
wide-mouth Mason jar fitted snugly with a plastic funnel inserted into the jar
opening with the apex of the funnel directed inward. The funnel was held in place
by rubber bands attached to hooks on the outside of the funnel and the jar. Traps
were laid on their side on the pond bottom. Inside each jar we placed a sponge
soaked in either alarm cue or water. Traps were set in pairs (one control trap and
one experimental trap simultaneously) at 5-min intervals, then pulled exactly 1 hr
later at 5-min intervals in such a way that time in the water was held constant and
equal among trap pairs and sponge types. Trap contents were stored and returned
to the laboratory for counting.

Experiment 2We repeated the experiment in spring 2000 at the same study
site using similar methods. Adutammarugo be used for alarm stimulus were
collected a few days prior to the field test and brought to the laboratory. Some
of the adults were coupled in precopulatory amplexus. For each sponge
(3.5 x 3 x 2 cm), we individually crushed a male—female pair (m&Z®E com-
bined weight of each male—female p&airl76.9+ 4.2 mg;N = 17) to a fine pulp
with a mortar and pestle and diluted to a final volume of 10 ml with dechlorinated
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water. Thus, stimulus strength in the second experiment was about four times
stronger than in the first experiment. We prepared each of 17 sponges with 10 ml
of alarm cue and another 17 sponges each with 10 ml of dechlorinated water
(control). All sponge blocks were frozen aR0°C, and transported to the study
site on ice to keep them frozen until needed.

Thirty-four traps were placed in the littoral zone within 1 m from the water’s
edge along the shoreline of Erhard Pond at approximately 5-m intervals. The traps
used in the second experiment were commercial traps (MT3 minnow traps, Aquatic
Ecosystems Inc.) and differed slightly from those used in the first experiment. The
commercial traps consisted of 1-q (946-ml) wide-mouth Mason jars with inverted
plastic funnels adapted to thread directly onto the jar mouth. The traps were laid
on their side on the pond bottom as in the first experiment. Each trap contained
one sponge block (control or alarm cue) and was set and retrieved in control—alarm
pairs at 5-min intervals as for the first experiment. Time in the water was exactly
1 hr. Trap contents were returned to the laboratory to be counted and weighed to
the nearest milligram. Largéammaruswvere weighed individuallyGammarus
<5 mg were too small to weigh individually. Sm&kammarudor each trap were
combined and weighed en masse to determine average weight.

Statistical AnalysisStatistical tests for avoidance behavior are one-tailed
because we predicted a priori tt@ammarusvould avoid conspecific alarm cue.

All other statistical tests are two-tailed.

RESULTS

Experiment 1The median number (and 25th percentilesiz@mmaruger
trap was 90 (50-117.5) and 40 (30-66.5) for control and alarm cue traps, respec-
tively (Figure 1). Significantly moré&sammaruswere captured in control traps
than alarm cue traps (Wilcoxon Mann Whitney test: 1.95,P < 0.026). These
data are consistent with an avoidance response to conspecific alarm cues.
LeechedDina parvaentered traps witlfiGammarusalarm cue significantly
more frequently than control traps (Figure 2). There was a median (and 25th
percentiles) of 0 (0-1) and 2 (0.5-3) leeches in control and alarm cue traps, re-
spectively (Wilcoxon Mann Whitney test=2.57,P = 0.025). Five of 15 control
traps caught at least one leech, whereas 11 of 15 alarm cue traps caught at least
one leech (Figure 3). There was no correlation between numb@aofmarus
and number of leeches per trap for all traps combird=(0.0003,F =0.007,
P =0.931), within alarm cue trap&{ = 0.0022,F = 0.029,P = 0.866) or within
control traps RZ = 0.0007F = 0.008,P = 0.927).
Experiment 2The median number (and 25th percentilesiz@immarugper
trap was 6 (5-9) and 3 (2-5) for control and alarm traps, respectively (Figure 4).
Significantly moreGammaruswere captured in control traps than in alarm cue
traps (Wilcoxon Mann Whitney tesz=2.84,P=0.002). These data, collected
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Fic. 1. Boxandwhisker plotof median, 25th percentiles, and range of numGarofmarus
caught in the first experiment. Traps were baited with sponges containing@ah@narus
injury-released alarm cues or water (control).
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Fic. 2. Box and whisker plot of median, 25th percentiles, and range of the number of

leeches caught in the first experiment. Traps were baited with sponges containing either
Gammarusnjury-released alarm cues or water (control).
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Fic. 3. Number ofGammaruger trap plotted against the number of leeches per trap in
the first experiment. Open symbols, traps with water sponges; closed symbols, traps with
alarm cue sponges.

at a different time of year and with slightly different gear and stimulus strength,
corroborate data from the first experiment. Only four of 17 alarm cue traps and
three of 17 control traps caught leeches. Because the majority of traps caught no
leeches, the mediar-@5th percentiles) number of leeches entering both trap types
was 0 (0-0) (Wilcoxon Mann Whitney test= 1.29,P = 0.197).

There were two distinct size classesinthe catch (Figure 4). Small (1-5 mg) and
large (35-108 mgammarusoth contributed to the overall avoidance response.
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FIG. 4. Box and whisker plot of median, 25 percentiles and range of the number of
Gammaruger trap in the second experiment. The large size cldss {2) ranged from

32 to 108 mg, the small size cladd £ 104) ranged from an average of 1 to 5 mg. Solid
bars, alarm cue traps; open bars, control traps.
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Fic. 5. Percent of the catch in each trap type in the second experiment represented by the
large size class obammarusranging from 32 to 108 mg. Fitted lines are second-order
polynomial functions. Alarm cue traps, solid bars and solid line; control traps, open bars
and dashed line.

However, the effect of alarm cue was not significant within the small size class
(Wilcoxon Mann Whitney tesz=1.09,P = 0.276) or (barely) the large size class
(Wilcoxon Mann Whitney testz=1.95,P =0.051) partly due to the low overall
numbers of animals captured in the second experiment.

Within the large age class, small individuals did not avoid traps containing
alarm cue as much as large individuals (Figure 5). We divided the size range of
Gammarusnto equal thirds creating small (32-57.3 mg) and large (82.7—-108 mg)
size categories with the adult size class. Sammarugepresented 30.4% of
the individuals caught in alarm cue traps, whereas s@athmarugepresented
only 10.2% of the catch in control trapsq{ = 4.44,P < 0.05). LargeGammarus
represented 17.4% and 20.4% of catches in alarm cue and control traps, respectively
( ?2=0.09,P > 0.9). Similar analysis of length distribution of the small size class
(<5 mg) was precluded by the low accuracy of weight measurements at the limit
of the range of our electronic balance. We do not have individual weights for small
Gammarus.

DISCUSSION

These data provide an important verification of laboratory findings. Field
populations ofsammarus lacustriavoided injury-released conspecific alarm cues
intwo separate experiments at different times of year and by using slightly different
methods. Chemical alarm cues serve as an important indicator of predation risk
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for Gammarusn the field, and presumably antipredator behavioral responses such
as avoidance behavior serve to decrease the probability of predation (Hews, 1988;
Mathis and Smith, 1993; Wisenden et al., 1999).

Responses by very smaammaruscontributed to the overall avoidance
response, suggesting that recognition of conspecific injury-released cues as in-
dicators of predation risk is either innate or acquired at a very early stage of
development. Innate responses to conspecific alarm cues are thought to be the case
for various fish species (Pfeiffer, 1963; Waldman, 1982; Magurran, 1989), but to
our knowledge this is the first such evidence for an aquatic arthropod.

Within the adult size class @ammarussmall individuals were dispropor-
tionately represented in alarm cue traps. We do notinterpret this to indicate acquired
recognition of conspecific alarm cues over time and experience (cf. Chivers et al.,
1995) because very small juven{Bammarugesponded to the alarm cue.

Large Gammaruganay respond most strongly to conspecific alarm cues be-
cause they have a greater cost—benefit trade-off than &aalmaruslLarge adult
Gammarusare more responsive to risk of fish predation than small adult
GammarugMathis and Hoback, 1997). Although fish predators are absent from
our study site, a variety of waterfowl use the site and presumably prey on
GammarusLargex Gammaruswould be easier to detect by tactile probing of
the vegetation and provide more energy per unit of foraging time.

Alternatively, cost—benefit trade-offs in risk assessment could depend on for-
aging opportunities for individuals at varying levels of social hierarchy, competitive
ability, or somatic resources. Trade-offs between risk and foraging are well known
(e.g., Milinski and Heller, 1978; Milinski, 1985; Godin and Sproul, 1988; Lima
and Dill, 1990). Hungry (Smith, 1981; Brown and Smith, 1996), and low condi-
tion (Wisenden, Rush, and Sargent unpublished) fish do not respond to conspecific
alarm cues with an overt behavioral response. S@athmarusnay tolerate more
predation risk while foraging because of subordinate status or weak competitive
abilities. Social interactions, dominance hierarchies, and territorial behavioramong
Gammarusare not well understood with respect to risk avoidance.

Leeches are significant predatorsGdmmarusand detect prey by chemical
and tactile means (Dahl and Greenberg, 1997; Dahl, 1998). Leeches were attracted
to traps with injury-releaseammaruscues, leaving open the possibility that
Gammarusavoided alarm cue traps because of the presence of leeches rather
than recognition of alarm cues per se. However, there was no correlation between
the number of leeches and the numbeGaimmaruscaught per trap. Moreover,
leeches were attracted to tBammarusue in the first experiment only, and not
in the second experiment, where cue concentration was four times higher. Thus,
Gammarusaversion to the alarm cue in the first experiment was likely attributable
to the alarm cue and not leeches.

Ostariophysan fishes possess specialized epidermal cells that contain an alarm
pheromone. This pheromone is released when the skin is damaged,; it sighals alarm
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to conspecifics and also serves as an attractant to predators (Mathis et al., 1995).
Attracting predators can benefit the individual sending the signal because sec-
ondary predators attempt piracy or cannibalism that afford the prey an opportunity
for escape (Chivers et al., 1996). The predator attraction hypothesis is the only
mechanism for the evolution of ostariophysan alarm substance cells to receive ex-
perimental support. Leech attraction to injury-released cu€sapimarugaises

the possibility that a similar alarm signal/predator attractant cue may be released
from injuredGammarusLeeches do not engulf their prey. Presumably, there is the
potential for large amounts of internal fluids fraBammarugo be released in the
process of being consumed by a leech, inadvertently informing @hermarus

of predation risk, but also attracting other leeches. Although special glands or cells
that may contain a specialized pheromone are not know@d&mnmaruschemical
deterrents are known to occur in a number of aquatic arthropods in the insect or-
ders Coleoptera and Hemiptera (Scrimshaw and Kerfoot, 1987). Further study is
required to determine iIBammarugossess specialized structures and the nature
of competitive foraging among two or more leeches.

In addition to verifying laboratory results and revealing potential size-
dependent behavioral decision criteria, these data establish a convenient field
technique for further testing the role of chemical cues in mediating predator prey
interactions in aquatic invertebrates. It is our hope that future work will be stimu-
lated in this direction.
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