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Introduction

The responses of prey animals to resource stimuli (e.g.

food and potential mates) in the presence of predation

risk depend upon the context in which those cues are

encountered. If an animal encounters both a resource

cue and a predation risk cue, the combination can eli-

cit responses that fall anywhere on the spectrum

between the responses elicited by these stimuli when

detected alone. The internal and external environ-

ments experienced by an animal affect the decision to

pursue the resource, avoid predation or exhibit an

intermediate response. Investigators have considered

a number of the environmental variables that can

influence behavioral tradeoffs, such as starvation (Sih

et al. 1991; Hazlett 2003), recent history with risk

(Hamilton & Heithaus 2001; Pecor & Hazlett 2003),

intensity of risk (Madison et al. 1999), and resource

availability (Hazlett & Rittschof 2000). In contrast,

variation in the medium through which the resource

and risk signals travel has received little attention. For

aquatic systems, hydrodynamics may be critical to

understanding tradeoffs between pursuit and anti-

predator behaviors.

The lack of attention paid to hydrodynamics in the

context of tradeoffs is not indicative of general neg-

lect. There is a substantial literature on the import-

ance of flow for biological systems (e.g. Vogel 1981),

and the influence of hydrodynamics on chemical sig-

nals in aquatic systems has been widely studied (see

review by Moore & Crimaldi 2004). In empirical stu-

dies, flow has been shown to both improve and hin-

der the use of chemical cues. Oyster drills were more

responsive to food cue in a high-flow environment
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Abstract

The influence of hydrodynamics on chemically mediated behavioral

tradeoffs has received little attention. We tested the hypothesis that indi-

viduals of the crayfish Orconectes virilis would be more sensitive to chem-

ical cues in flowing water than in still water. Orconectes virilis is a good

subject for this test, because it is found in both still water (e.g. ponds),

and flowing water (e.g. rivers). A factorial design was used, with two

stimulus treatments and two habitat types. Crayfish were exposed to

either food cue or food þ alarm cue in either still water or flowing

water in an artificial stream arena. Habitat use and activity were signifi-

cantly influenced by stimulus treatment, with more time spent away

from the stimulus source and less activity in the food þ alarm treatment

than in the food treatment. Neither habitat type nor the interaction of

stimulus treatment and habitat type had a significant effect on the

response variables. Given the natural history of O. virilis, we suggest that

selection has favored the ability to equally utilize chemical cues in both

still and flowing water. We acknowledge that different flow conditions

may influence chemical ecology in this species and caution against the

view that tests in flowing waters necessarily provide a more accurate

approximation of natural responses.
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than in a low-flow or still environment (Brown &

Rittschof 1984). Brown bullhead catfish were better

able to orient to chemical cues in still water than in

flowing water, following a more direct route to a food

odor source in still water (Sherman & Moore 2001).

Brown bullhead catfish inhabit still waters, so this

result is consistent with the ecology of that species.

Both flowing and static experimental systems have

been used to test hypotheses about the use of che-

mical signals in behavioral tradeoffs (e.g. Petranka

et al. 1987; Hazlett 1999), but studies that compare

responses between flowing and still waters are lack-

ing. We know only two studies in which the effects

of flow on chemically mediated behavioral tradeoffs

were considered (Pecor 2005; Hazlett et al. in press),

and flow was not isolated as the only variable in

either of those studies.

We present here the results of a test of the hypothe-

sis that the responses to either food or food plus pre-

dation risk stimuli depend upon whether these

stimuli are encountered in flowing water or static

water. We tested our hypothesis using the virile cray-

fish, Orconectes virilis. The tradeoff between pursuit of

food stimuli and avoidance of predation risk stimuli,

including conspecific alarm cue, has been well studied

in O. virilis (e.g. Hazlett 1999). Also, this species can

be found in waters that range from ponds to swiftly

flowing rivers (Crocker & Barr 1968). Thus, the virile

crayfish is an excellent model for a test of the influ-

ence of hydrodynamics on the tradeoff between

pursuit and antipredator responses. Based on its distri-

bution in a variety of habitats and ability to move

between habitats, it could be predicted that no differ-

ence in the use of food and alarm signals would be

found between habitat types. Moore & Grills (1999)

reported that an increase in turbulence increased the

efficiency with which rusty crayfish (Orconectes rusti-

cus) used chemical signals. Like O. virilis, the rusty

crayfish can be found in a variety of aquatic habitats.

Thus, we predicted that crayfish in the food treatment

would be more attracted to the source of the stimulus

in a flowing system than in a static system. Animals in

the food plus predation risk treatment were predicted

to exhibit more antipredator behavior if the cues were

encountered in flowing water than if the cues were

encountered in still water.

Methods

Collection and Maintenance of Animals

Crayfish were collected from the DNR Saline Fish-

eries Research Station in Washtenaw Co. (MI, USA –

42�09¢N, 83�46¢W). This site was described in detail

by Latta & Merna (1977). Crayfish were housed in

single-sex tanks and offered AquaMax� fish chow

every few days. Individuals of O. virilis are motivated

to forage in spite of predation risk after more than

3 d of starvation (Hazlett 2003), so all animals were

tested within 3 d of their most recent feeding.

Animals were collected and tested in Oct. and Nov.

2004, and these months are within the breeding sea-

son for O. virilis at the latitude sampled (Ameyaw-

Akumfi 1976). In an effort to minimize variation in

responses, we used only reproductive females (form

I) as test subjects. Form I females were distinguished

from non-reproductive females (form II) by the pres-

ence of glair glands on the telson of form I animals

(Wetzel 2002). The crayfish used were of a medium

size, with a �x carapace length of 3.7 � 0.02 cm.

Experimental Stream Arena

An artificial stream arena was constructed from

polyvinyl chloride (PVC) pipe, PVC valves, and vinyl

tubing (Fig. 1). The arena consisted of 10 artificial

Stimulus introduction apparatus

Pump

Valves

Valve

(b)

(a)

F
lo

w

Shelter

To sump To drain

Fresh waterFrom pump

Artificial stream arena

Vinyl tubing

Fig. 1: The stimulus introduction apparatus (a) and artificial stream

arena (b) used in this study. Neither drawing is to scale
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streams (Fig. 1b) and a stimulus introduction appar-

atus (Fig. 1a). The individual streams were troughs

made from PVC pipe (ID ¼ 10.2 cm). The streams

were 1 m in length, and we removed a section of

the pipe 7.8-cm wide and 74-cm long to permit

overhead observation of the crayfish. Sixteen cen-

timeters of pipe remained intact at the downstream

end of the trough and provided a shelter for the

crayfish. Both ends of each trough were capped with

a disc of PVC, and ball valves (ID ¼ 1.9 cm) allowed

for regulation of flow into and out of the troughs.

The ball valves at the upstream end of the arena

were fed by a PVC distribution line (ID ¼ 2.0 cm).

The ball valves at the downstream end of the arena

emptied into a PVC drain line (ID ¼ 2.7 cm). Two

small holes were drilled in the top of each trough at

the upstream end. One of the holes accommodated

airline tubing and an air stone. The other hole per-

mitted the introduction of stimulus solutions. Stimuli

were introduced via an apparatus consisting of a

small-volume pump, vinyl tubing (ID ¼ 1.3 cm),

PVC pipe and valves (ID ¼ 1.5 cm) and airline tub-

ing (ID ¼ 0.4 cm) (Fig. 1a). The stream arena was

supported by a custom-made wood table. Two 380 l

cattle tanks sat under the table supporting the arena.

A third cattle tank sat adjacent to the table.

The stream operated as a recirculating system. The

cattle tank pictured on the left in Fig. 1b served as a

sump and was filled with approx. 215 l of water. All

water was treated to remove chlorine. A continuous-

duty sump pump (ECOSUB 410A) was used to

pump water out of the sump tank, through vinyl

tubing (ID ¼ 3.2 cm), and into the distribution line

at the upstream end of the arena. Water flowed

through the troughs at a rate of 2 l/min. This flow

rate resulted in a water volume of 6 l and a water

depth of 7.5 cm in each trough. Water exited the

troughs into the drain line and was directed into the

sump.

Experimental Design and Protocol

To test for the effects of stimulus treatment and hab-

itat type, a factorial anova design was used (Zar

1999). There were two stimulus treatments, two

habitat types and 20 replicates of each stimu-

lus · habitat treatment (n ¼ 80). The two stimulus

treatments were food cue and food þ alarm cue.

Food cue was generated by combining 10 g of

ground fish chow with 1 l of water, allowing the

mixture to soak for 5 min, and filtering the solution

with cheesecloth. The filtrate was used as the cue.

Alarm cue was generated by macerating a

female crayfish (�x mass ¼ 24.35 � 0.52 g, �x carapace

length ¼ 4.2 � 0.07 cm) in 2 l of water, allowing

the mixture to soak for 5 min, and filtering with

cheesecloth. The filtrate was used as the alarm cue.

The two habitat types were static water and flow-

ing water. In the static treatment, the ball valves at

each end of the troughs were closed completely, and

each trough was filled with 5 l of water. This volume

yielded a water depth of 6.4 cm. In the flowing

treatment, the streams ran as previously described,

except during testing. Two ball valves were present

on the drain line (Fig. 1b). During the time that

crayfish were acclimating to the stream arena, the

water exiting the troughs was directed into the

sump. During testing, the water was directed into a

drain in the floor of the laboratory. This step served

two functions. First, it kept stimulus strength con-

stant during the test by preventing stimulus

accumulation in the sump. Secondly, it prevented

contamination of troughs not under observation.

The arena was designed so that the streams would

be tested sequentially in two groups of five. If stimu-

lus-laden water had recirculated throughout the

arena, then the second group of five troughs would

have been contaminated by the stimulus solution

from the first group. Directing the water into a drain

caused the water level in the sump to fall during

testing. Each non-sump cattle tank was filled with

215 l of fresh water, and that water was pumped

into the sump as needed to replenish the lost water.

The fresh water was aged 23 h to allow it to equili-

brate to the same temperature as the water in the

sump.

Crayfish were given 23 h to acclimate to the

stream arena in both the flowing and static treat-

ments. After 23 h, testing with stimulus solutions

began. For the food treatment, the stimulus solution

was 19 l of fresh water and 1 l of the food cue. For

the food þ alarm treatment, the stimulus solution

was 18 l of fresh water, 1 l of food cue, and 1 l of

alarm cue. As mentioned above, two groups of five

streams were run. Food cue was prepared fresh for

each group. To minimize the number of crayfish that

needed to be killed, a single alarm cue was prepared

on the days that it was needed and 1 l of that cue

was used for each group. Alarm cue takes approx.

6 h to lose its effect (Hazlett 2003), and all trials

were completed within approx. 20 min of alarm cue

preparation. Thus, we are confident that the strength

of the alarm cue did not vary substantially between

the first and second groups. In the flowing trials,

20 l of stimulus solution were made for each group

of five streams. In the static trials, a single batch of
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20 l was prepared, and it was then split into two bat-

ches of 10 l each. The flowing trials needed more sti-

mulus solution for each group of five because of the

higher drip rate used in those treatments (see

below).

The experimental design used the following drip

rates to achieve equivalent stimulus strength in the

two habitat types. In the flowing trials, stimuli were

introduced into the streams at a rate of 0.4 l/min,

and trials were 8-min long. Given the trough flow

rate of 2 l/min, the stimulus/fresh water ratio was

0.2:1 (3.2 l stimulus/16 l fresh water). The crayfish

were allowed 3 min to acclimate to the stimulus and

then observed for 5 min. The 3-min acclimation time

also served to establish the stimulus concentration

within each stream. Given the stream flow rate of

2 l/min, the volume of the flowing stream (6 l) was

replaced completely after 3 min. During the 3 min

of acclimation, the stimulus concentration was build-

ing towards a 0.2:1 ratio. At 3 min, it reached 0.2:1,

and that ratio was maintained by the incoming mix-

ture of fresh water and stimulus. In the static treat-

ment, the stimulus drip rate was set to 0.34 l/min,

and stimulus was pumped into the troughs for

3 min. This drip rate approximated the conditions in

the flowing treatment, in that the concentration was

building towards 0.2:1 over 3 min and reached that

ratio at 3 min (1 l stimulus/5 l water). Dye tests con-

firmed that the stimulus was able to diffuse the

length of the trough in the static treatment during

the span of 3 min. After 3 min, stimulus introduct-

ion stopped, and the crayfish were observed for

5 min.

Response Variables, Observations, and Analyses

As in other studies of crayfish chemical ecology (e.g.

Pecor & Hazlett 2003), we sought to understand the

effects of our treatments on habitat use and activity.

To facilitate taking these measures, each 1 m stream

was divided into four sections of 25 cm, and lines

were drawn on the outside of the pipe to denote the

sections. The section farthest upstream was termed

the ‘inlet’ section, and the section farthest down-

stream was termed the ‘shelter’ section. The inlet

section contained the hole through which the stimu-

lus solutions were introduced, and the shelter sec-

tion contained the intact pipe that served as a

refuge. To assess habitat use, the time spent in the

inlet and shelter sections during a 5-min observation

was recorded. We predicted that the crayfish would

spend more time in the inlet and less time in the

shelter in the food treatment and that the opposite

pattern of habitat use would be elicited by the

food þ alarm treatment. We predicted that the sensi-

tivity of the crayfish to the chemical cues would be

higher in the flowing trials (e.g. Moore & Grills

1999). As a result, the time spent in the inlet and

shelter sections would be higher for the food and

food þ alarm treatments, respectively, in the flowing

treatment than in the static treatment. Activity was

gauged by recording the number of lines crossed

during the 5 min of observation. A higher number

of lines crossed would indicate greater movement

among stream sections and hence, a higher level of

activity. We predicted greater activity in the food

treatment than in the food þ alarm treatment. We

also predicted greater activity in the static treatment

than in the flowing treatment, because we thought

that the information about the stimulus location pre-

sent in the flow would minimize the activity needed

to locate the source.

Observations were made as follows. During accli-

mation, the crayfish were on a 12:12-hour photope-

riod, with daylight from 6:00 to 18:00 hours. The

virile crayfish is nocturnal, so observations were

made from 22:00 hours to midnight, aided by red

lights, which crayfish cannot see. Streams were

tested in groups of five, and crayfish were observed

indirectly using a digital video camera with infrared

capabilities (Sony DCR-TRV25). The camera was

connected to a notebook computer via an IEEE 1394

cable, and trials were recorded directly to the com-

puter’s hard drive as video files using Adobe Pre-

miere 6.5. The video files were later scored for: (1)

the time spent by each crayfish in the four sections

of its stream; and (2) the number of lines crossed by

each crayfish. The times spent in the inlet and shel-

ter sections of the trough were analyzed together

using multivariate analysis of variance (manova).

This test is appropriate because the measures were

not independent. Time spent in one section of the

stream could not be spent in the other section.

Pillai’s Trace was selected as the multivariate root for

its robustness (Scheiner 2001) and general applica-

bility (Zar 1999). The number of lines crossed was

analyzed using a two-factor anova. All statistical

calculations were made using SAS v8.2.

Results

Stimulus treatment had a significant effect on the

time spent in the inlet and shelter sections (Pillai’s

Trace ¼ 0.22, F2,75 ¼ 10.15, p < 0.001). Less time

was spent in the shelter section in the food treat-

ment than in the food þ alarm treatment, and time
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spent in the inlet section was similar between the

two treatments (Fig. 2a). Neither habitat type

(Pillai’s Trace ¼ 0.06, F2,75 ¼ 2.35, p ¼ 0.10; Fig. 2b)

nor the interaction of stimulus and habitat (Pillai’s

Trace ¼ 0.005, F2,75 ¼ 0.19, p ¼ 0.83) had a signifi-

cant effect on the amount of time spent in the inlet

and shelter sections.

Activity was similarly affected by stimulus and

habitat type. The number of lines crossed was signi-

ficantly higher in the food treatment than in the

food þ alarm treatment (F1,76 ¼ 20.41, p < 0.001;

Fig. 3a). Neither habitat type (F1,76 ¼ 3.42, p ¼ 0.07;

Fig. 3b) nor the interaction of stimulus and habitat

type (F1,76 ¼ 1.16, p ¼ 0.28; Fig. 3c) had a signifi-

cant effect on the number of lines crossed.

Discussion

We found that flow was not a significant influence

on the responses to chemical signals by the virile

crayfish. Neither habitat use nor activity was signifi-

cantly affected by the habitat type in which the

stimuli were encountered. In contrast, stimulus

treatment had a significant effect on both habitat

use and activity. This latter result mirrored the

results of earlier work with this species (Hazlett

1999). An unexpected finding was the lack of a

qualitative difference in the time spent in the inlet

section of the streams between the food and the

food þ alarm treatment (Fig. 2a). We suggest that

this result is an artifact of the experimental arena.

There was a small section of complete pipe in the

inlet section that was left intact to prevent the cray-

fish from climbing the air stone tubing and escaping

from the trough. During the food þ alarm trials,

many of the animals appeared to treat that area as a

second shelter and did not move from that spot, as

evidenced by the minimal use of the middle sections

of the stream (Fig. 2a) and the low number of lines

crossed in the food þ alarm treatment (Fig. 3a).

It is not entirely surprising that habitat type did

not have a significant effect on the responses to

chemical signals, given the natural history of the

Fig. 2: The time spent in the four sections of the artificial stream

between (a) the food and food þ alarm stimulus treatments and (b)

the flowing and static water treatments. Shelter, the section of the

stream containing intact pipe; S þ 1, the first section upstream from

the shelter; S þ 2, the second section upstream from the shelter;

inlet, the section of the stream into which the stimuli were introduced.

Plots are �x � SE

Fig. 3: The number of lines crossed between (a) the food and

food þ alarm stimulus treatments and (b) the flowing and static water

treatments. A comparison of the responses between the food and

food þ alarm stimulus treatments within each habitat type is also pro-

vided (c). Plots are �x � SE
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species under study. Individuals of O. virilis can be

found in both flowing waters (e.g. streams and riv-

ers) and relatively static waters (e.g. ponds). We col-

lected our study animals from farm ponds, but the

Saline River borders the Fisheries Research Station

on its southwest edge (Latta & Merna 1977). The

crayfish could easily travel between these sites, and

the ability to use chemical signals effectively in both

environments is likely to have been selected for in

this species and other species with similar ecologies.

In spite of our findings, we do not rule out that flow

could result in more effective use of chemical cues.

We used a relatively slow flow rate in our artificial

stream arena, and a faster flow could communicate

more information than a slower flow. Brown &

Rittschof (1984) demonstrated that a certain thresh-

old flow rate was needed before oyster drills

responded differently to food cues in flowing water

than they responded in still water. Hazlett et al. (in

press) observed differences in behavior in O. virilis

between aquarium trials and artificial stream trials.

They found O. virilis to be more sensitive to chemical

cues in the artificial streams; however, they used

streams with a higher velocity than those used here.

Moore et al. (1994) reported that increasing the flow

rate in an artificial stream changed the structure of an

odor plume, resulting in discrete ‘pulses’ of cue. We

did not assess the structure of the odor plumes in our

two treatments, but it is possible that the flow rate

used in the flowing treatment did not result in a

change in the signal structure when compared to the

static treatment. Similarity in plume structure could

explain the lack of a difference in the behaviors

observed between the two treatments.

Although we acknowledge the potential for differ-

ences as flow rate increases, we suggest that flow is

not always important for the end result and some-

times affects only the means to that end. We

assessed an end result (i.e. the tradeoff), but did not

observe the behaviors of the crayfish during the time

that the stimuli were building in concentration

towards the final ratio. Sherman & Moore (2001)

found differences in the ability of catfish to orient

towards a food source, but they found no significant

difference in the percent success of finding the

source. The crayfish in our study may have differed

in their ability to initially orient to the stimuli

between the two habitat types (e.g. Moore & Grills

1999), but their ultimate response to the cues was

not affected by habitat type. This hypothesis deserves

further testing.

We found that hydrodynamics did not influence

the tradeoff between pursuit and antipredator

behaviors, as measured by habitat use and activity,

in the crayfish O. virilis. This study adds to a grow-

ing literature on the ways in which environmental

variation influences behavioral tradeoffs. We advo-

cate consideration of hydrodynamics in future stud-

ies, but we also caution against the view that

results from static arenas (e.g. aquaria) are artifacts.

Flow is not necessarily an important factor in

all aspects of the chemical ecology of aquatic

organisms.
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