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Context-specific behavior: crayfish size influences
crayfish–fish interactions
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Abstract. Predator–prey interactions are often studied by examining either predator or prey be-
havior. This focal species approach ignores complexity that may determine the outcome of encounters.
We used a dual species analysis to characterize how crayfish size (prey) influenced behavioral inter-
actions between fish (predators) and crayfish. This interaction is particularly important in structuring
energy flow patterns in aquatic communities. Fish and crayfish behavior were quantified after small
(,30 mm carapace length) or large (.30 mm carapace length) crayfish (Orconectes virilis) were placed
in wading pools with shelters and with 1 rock bass (Ambloplites rupestris), 2 yellow perch (Perca
flavescens), 2 darters (Etheostoma exile, E. nigrum), or no fish (control). Small crayfish spent less time
moving, decreased the number of pincer displays, reduced movement (particularly with rock bass),
and increased tailflip frequency compared to large crayfish (with fish present). Neither crayfish size
nor fish species present affected time crayfish stayed in shelters. Yellow perch approached crayfish
more frequently than other fish. Darters interacted with smaller crayfish more frequently than larger
crayfish, whereas the opposite was true for rock bass and perch. That both predator and prey behavior
were influenced by prey size suggests the intensity and frequency of predator–prey interactions are
affected by prey size.

Key words: displays, fish-initiated interactions, refuge use, interspecific encounters, predator be-
havior, prey size.

Much of the attention on predator–prey inter-
actions has focused on either predator or prey
behavior, but not both simultaneously (Stein
and Magnuson 1976, Pitcher et al. 1986, Werner
and Anholt 1996). Studying ecological interac-
tions using this focal species approach often
yields an incomplete picture because the out-
come of interactions between predator and prey
may well depend on the behavior of both indi-
viduals. To produce a more complete under-
standing of the complexity of interactions be-
tween organisms, it is important to study how
both organisms affect the behavior of each other
during encounters. This complete approach to
examining predator–prey behavior is particular-
ly relevant for interactions, e.g., predatory fish
and crayfish, where the outcome is influenced
by the behavior and morphology of predator
and prey (Stein and Magnuson 1976).

Interactions between fish and crayfish influ-
ence energy flow patterns and the biological
composition of aquatic communities. Crayfish
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dominate the standing biomass of benthic in-
vertebrates (Momot 1995). By consuming cray-
fish, fish predation transfers energy from the
benthos to the water column (Rabeni 1992). Re-
moval of crayfish by predators can also have
cascading effects on other species because cray-
fish typically influence the composition of mac-
rophyte, algal, and invertebrate assemblages
(Chambers et al. 1990, Creed 1994, Nyström et
al. 1996). Interactions among crayfish and fish
are important for anglers because prized fish
such as largemouth (Rickett 1974), smallmouth
(Stein 1977), and rock bass (Rabeni 1992) rely
on crayfish as a food resource.

Although bass effects on crayfish ecology
have been closely examined, less is known about
crayfish interactions with yellow perch and
darters (Rahel and Stein 1988). Yellow perch
consume crayfish in natural communities (Stein
1977). In addition, smaller non-threatening fish
such as sculpins or darters may compete with
crayfish for refugia or food resources (Rahel and
Stein 1988, McNeely et al. 1990). Thus, the na-
ture of the crayfish interactions with non-pred-
atory fish would benefit from further investi-
gation, particularly when it includes an exami-
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nation of both fish and crayfish behavior during
encounters.

Crayfish traits such as chela size (Stein 1976)
and body size (Stein and Magnuson 1976, Butler
and Stein 1985) influence the outcome of cray-
fish–fish interactions. Large crayfish size reduc-
es an individual’s susceptibility to predatory
fish (Stein and Magnuson 1976, DiDonato and
Lodge 1993, Mather and Stein 1993). Ecological
theory predicts that the behavioral responses of
crayfish and fish should reflect this size-depen-
dent nature of their encounters with one another
(Werner and Gilliam 1984). This study examines
3 hypotheses regarding adaptive behavioral re-
sponse of both fish and crayfish during inter-
actions: 1) small crayfish will show more intense
antipredator behavior during encounters with
fish when compared to large crayfish, 2) fish
should initiate encounters with small crayfish
more frequently than with large crayfish be-
cause small crayfish are their preferred prey,
and 3) crayfish should avoid rock bass more
than perch or darters because rock bass are
more formidable crayfish predators.

Methods

Animals and collection sites

We examined crayfish (Orconectes virilis) en-
counters with rock bass (Ambloplites rupestris),
yellow perch (Perca flavescens), and darters (Eth-
eostoma nigrum, E. exile). We chose O. virilis be-
cause this native species is widely distributed
throughout North America (Taylor et al. 1996).
We collected O. virilis from 4 sites: Fleming
Creek (lat 428169N, long 838399W), Little Sucker
Creek (lat 458449N, long 848579W), Douglas Lake
(lat 458339N, long 848409W), and Burt Lake (lat
458289N, long 848409W). Both male and female
crayfish were included in this study to ensure
realistic results. The fish species chosen differ in
their reliance on crayfish as food, and co-occur
with O. virilis in northern Michigan streams and
lakes (T. A. Keller, personal observations). Rock
bass obtain nearly 70% of their total caloric in-
take from crayfish, and thus are important
predators of crayfish (Rabeni 1992). Yellow
perch consume juvenile crayfish (Stein 1977),
whereas darters rarely feed on crayfish (Hobbs
1993). Rock bass and yellow perch were collect-
ed from Douglas Lake. Darters were collected
from Douglas Lake and Big Sucker Creek.

Experimental design and protocol

We examined the behavior of 2 sizes of cray-
fish with 4 fish treatments in a fully factorial
experimental design. Behavior was analyzed
from video recordings of crayfish housed in lab-
oratory pools with either 1 rock bass, 2 yellow
perch, 2 darters, or no fish.

Pools (1.8 m diameter, 30 cm deep) were ar-
ranged in 2 rows of 4 (8 total); hanging plastic
tarps visually isolated each pool. We placed the
pools indoors at the University of Michigan Bi-
ological Station to avoid inclement weather that
can damage video equipment. Each pool was
illuminated using three 150 W incandescent
bulbs placed equidistant around the pool pe-
rimeter. In an attempt to mimic the shoreline of
natural ponds, the outside edges of the pools
were filled with sand to a depth of 15 cm above
the bottom. Plastic sheeting was placed over the
sand-contoured pools to ensure that the water
remained clear for video analysis. An additional
layer of sand (5 mm deep) was placed on the
plastic liner to provide a seminatural substrate
in the pools. Water from Douglas Lake was used
to fill the ponds (22 cm deep). One broken clay
pot (10 cm 3 3 cm) was placed, open end to-
ward the center, on the north, south, east, and
west edges of each pool (4 per pool). A floating
Styrofoamy pad (0.0625 m2), anchored in the
deepest portion of each pool, provided habitat
for fish. Crayfish also moved under these floats
when they moved to deeper portions of the
pools. Video recordings (S-VHS) were filmed
using a camera suspended 2.5 m above the
pools on a moveable track.

Crayfish were given at least 3 d to acclimate
to the indoor conditions. All crayfish were fed
aquatic macrophytes. We divided the crayfish
into 2 size categories: ,30 mm and .30 mm
carapace length (CL; Table 1). These size classes
were chosen because they represent crayfish
that are either susceptible or invulnerable to fish
predators (Stein 1977).

Rock bass and yellow perch were fed earth-
worms, whereas darters were fed an ad libitum
diet of invertebrates collected from Douglas
Lake. Fish were starved at least 8 h before test-
ing. Because of the large size differences be-
tween the fish species tested, we used only 1
rock bass in the pools but 2 yellow perch or 2
darters in their respective trials (Table 2). Num-
bers of fish used were also chosen to reflect the
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TABLE 1. Mean carapace lengths (CL), measured
from tip of rostrum to end of cephalothorax, of the 2
size classes of Orconectes virilis used in the interactions
indicated.

Crayfish size
Total n

(no. of females)
CL

(mm) SE

Control
,30 mm
.30 mm

13(10)
13(8)

18.8
41.2

1.33
1.88

Darters
,30 mm
.30 mm

13(4)
11(8)

19.1
40.4

1.20
1.90

Perch
,30 mm
.30 mm

12(8)
14(7)

19.1
44.4

1.34
1.69

Rock bass
,30 mm
.30 mm

12(8)
14(10)

18.0
41.2

1.01
1.67

TABLE 2. Mean wet mass and number of fish in
the pools with crayfish.

Taxa Total n
Wet mass
(g/fish) SE

Darters
Perch
Rock bass

18
21
10

1.88 (4)a

33.5 (15)
132 (7)

0.239
7.25

19.5

a Number of fish measured.

behavioral patterns of these animals. Rock bass
of the size used in this study develop hierar-
chies (Brown 1983), so we used only 1 rock bass
per pool. We decided to minimize aggressive
behavior among fish because aggression could
alter the nature of fish-crayfish interactions. We
used 2 perch and 2 darters because group for-
aging has been reported in Percidae (Eklöv
1992).

Fish were placed in pools the night prior (af-
ter 21:30) to testing to allow the fish to acclimate
to the pools. We chose to acclimate fish to pool
conditions because fish appeared to take longer
than crayfish to return to a less agitated state
(i.e., no fast movements, reduced hiding under
the float) after introduction (T. A. Keller, person-
al observations).

To record behavior, we placed crayfish singly
into pools containing 1 fish species and filmed
for 15 min. Filming began once the crayfish was
added to the pool because fish-crayfish inter-
actions occurred immediately after crayfish in-
troduction. Trials were conducted during the
morning (08:00–12:00) and evening (20:30–24:
30). These times were chosen to maximize activ-
ity of both the crayfish and fish. Trials were con-
ducted from 20 September through 5 October
1997.

The assignment of fish treatments and cray-
fish sizes within the specific pools was random-
ized between days. Every effort was made to
test all treatment combinations (2 crayfish sizes
by 4 fish treatments) each morning and after-

noon (16 total). Because of the difficulty in-
volved with capturing the large number of fish
needed to run trials, individuals were used
more than once and not all treatments were test-
ed during each testing period. Trials were con-
ducted on 10 separate days. Fish were left un-
disturbed in the same pool for morning and
evening sessions to minimize fish handling. All
crayfish were used only once.

Behavioral observations

Crayfish movement and habitat use were
characterized from the video recordings. We
calculated the time spent moving, time station-
ary, time in refugia, and time under float as per-
centages. The number of retreats (i.e., crayfish
moving away from approaching fish), chela dis-
plays, nonresponses, and tailflips after fish ap-
proaches were also recorded. Chela displays
were defined as instances when a crayfish
raised and spread their chelipeds and opened
their chelae. These behaviors are considered
threat displays for crayfish (Rubenstein and Ha-
zlett 1974). A retreat was recorded whenever a
crayfish moved away from a fish within 5 s of
an approach. No apparent change in crayfish
behavior after a fish approached was recorded
as a nonresponse (within 5 s). To determine the
total distance crayfish traveled, movement paths
were traced onto acetate sheets and measured
with a cartographer’s wheeled-map measurer
(Alviny). Measured distances were scaled to ac-
tual distances.

Fish-initiated interactions were defined as en-
counters where fish rapidly approached within
a 10 cm radius of the crayfish. Prior observations
indicated that fish behaviors could be catego-
rized as lateral or head-forward displays, de-
pending on how the fish was oriented to the
crayfish (T. A. Keller, personal observation).
Predatory or aggressive approaches were not
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TABLE 3. MANOVAs of fish species and crayfish
size effects on crayfish behavior and habitat use

Source of variation Wilk’s l p

Behaviora

Crayfish size
Fish species
Size 3 Species

0.779
0.890
0.747

0.009
0.047
0.003

Habitat useb

Crayfish size
Fish species
Size 3 Species

0.809
0.755
0.732

0.002
0.039
0.017

a Dependent variables included retreat, chela dis-
plays, and nonresponses. Fishless controls were omit-
ted from this analysis because the analysis focused on
crayfish behavior after encounters with fish (n 5 76)

b Dependent variables included forward distance
traveled, % time moving, % time stationary, % time
under float, and % time in shelters (n 5 102)

designated because the observer could not de-
finitively determine the fish’s motivational state.

Statistical analyses

We tested the data to determine whether the
assumptions of the parametric statistical models
were met. We used a Lilliefors’ test, combined
with calculations of skewness and kurtosis, to
examine normality. Homogeneity of variances
was tested using Bartlett’s test.

A x2 contingency test was used to examine
interactions between crayfish sex and size or be-
tween crayfish size and fish species. Darters
were omitted from the analysis of head-forward
approaches because there were too few obser-
vations.

To examine how crayfish behaved during en-
counters with fish (i.e., fish approach within 10
cm radius), we used MANOVA with the depen-
dent variables including number of crayfish re-
treats, chela displays, and nonresponses. Inde-
pendent variables for this MANOVA included
crayfish size, fish species, and an interaction be-
tween crayfish size and fish species. This MAN-
OVA was necessary because crayfish in the fish-
less controls displayed no retreats or chela dis-
plays.

A multiple analysis of variance (MANOVA)
was used to determine how crayfish size and
fish species affected 5 dependent variables as-
sociated with crayfish habitat use. This 2nd anal-
ysis was necessary because we were comparing
crayfish habitat use for crayfish in fish and fish-
less pools. Thus, all 102 crayfish were included
in this analysis. The 4 dependent variables were
percentages (time crayfish moved, remained
stationary, stayed under the float, and hid in
shelters). Percentage data were arcsine-square-
root transformed before the analysis because %
data deviate from the assumption of normality
(Sokal and Rohlf 1995). The 5th dependent vari-
able was a linear measure of the total distance
crayfish traversed (while moving forward).

Because MANOVAs incorporate multiple de-
pendent variables simultaneously, we used uni-
variate ANOVAs to subsequently determine
which dependent variables were most affected
by fish and crayfish size treatments. ANOVAs
were corrected for the number of comparisons
using a Bonferroni method (Sokal and Rohlf
1995). For variables showing statistically signif-
icant size or fish species effects in the univariate

ANOVAs, we used pair-wise post hoc compar-
isons to determine where differences existed
(Tukey-hsd corrected). Unadjusted p-values are
shown in the text and figures.

We tested whether the number of crayfish
that tailflipped was equal between small versus
large crayfish using the binomial expansion
(there were too few observations of tailflips in
some groups to use x2; Sokal and Rohlf 1995).
We set equal probabilities associated with tail-
flips for small and large crayfish (p 5 q 5 0.5).
If the binomial probability was low (p , 0.05),
then the assumption that small and large cray-
fish were equally likely to tailflip can be reject-
ed.

Results

Crayfish behavior

Crayfish size, fish species, and crayfish size
by fish species interaction influenced crayfish
behavior after fish approached (Table 3). Small
crayfish displayed their chelae less frequently
when approached by fish than did large cray-
fish (Fig. 1). This pattern of size-specific chela
displays was similar among fish species (Table
4). Size did not alter a crayfish’s propensity to
retreat or not respond to fish approaches (Fig.
2A and 2B, Table 4). Most retreats and nonres-
ponses by crayfish, particularly large crayfish,
were observed with yellow perch (Fig. 2A and
2B).

The number of crayfish that tailflipped was
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FIG. 1. Mean (61 SE) number of chela displays by
small (,30 mm) and large crayfish (.30 mm) during
15 min encounters with darters, yellow perch, and
rock bass combined.

FIG. 2. Mean (11 SE) number of crayfish retreats
(A) and nonresponses (B) by small (,30 mm) and
large crayfish (.30 mm) in darter, yellow perch, and
rock bass treatments during 15 min trials. Bars that
share letters were not statistically different in multiple
pair-wise comparisons (p . 0.05).TABLE 4. Univariate ANOVA table of fish species,

crayfish size, and fish species 3 crayfish size interac-
tion effects on crayfish behavior during fish encoun-
ters. Fishless controls were omitted from these anal-
yses (n 5 76). Bolded p-values are statistically
significant after Bonferroni adjustment.

Source of variation df F p

Fish species
Chela displays
Retreat behavior
Nonresponse

2
2
2

0.677
3.63
5.70

0.511
0.031
0.0051

Crayfish size
Chela displays
Retreat behavior
Nonresponse

1
1
1

6.79
0.266
4.02

0.0112
0.607
0.0489

Species 3 Size
Chela displays
Retreat behavior
Nonresponse

2
2
2

2.30
4.64
6.61

0.108
0.0128
0.0023

also influenced by crayfish size and fish pres-
ence. Approximately 13.7% of crayfish tailflip-
ped, and 87.5% of these were small (binomial p
5 0.006). We only observed tailflips in pools
with fish.

Crayfish size, fish species, and the crayfish
size 3 fish species interaction affected crayfish
habitat use (Table 3). The % of time that crayfish
spent moving and the distance they traveled dif-
fered between size classes (ANOVA p # 0.005
for both). Large crayfish spent on average 30%

of their time moving, whereas small crayfish
spent only 18% of their time moving (ANOVA
p 5 0.003). Large crayfish moved farther than
small crayfish, particularly in the treatments
with rock bass (Fig. 3A, Tukey’s hsd p 5 0.046).
The forward distance traveled by small crayfish
in the rock bass treatments was less than the
distances traveled by small crayfish in the fish-
less controls (Fig. 3A, Tukey’s hsd p 5 0.001).
There was a significant crayfish size 3 fish spe-
cies interaction in the % of time crayfish spent
stationary outside of shelters (Table 4). In yellow
perch treatments, small crayfish were more sta-
tionary than large crayfish (Fig. 3B, Tukey’s hsd
p 5 0.002). Small crayfish in perch treatments
moved less than similar-sized individuals in
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FIG. 3. Mean (11 SE) forward distance traveled
(A) and % time stationary (B) for small (,30 mm) and
large crayfish (.30 mm) in different fish treatments
during 15 min trials. Bars that share letters were not
statistically different in pair-wise comparisons (p .
0.05).

FIG. 4. Number of lateral (A) and head-forward
displays (B) that small (,30 mm) and large (.30 mm)
crayfish experienced in rock bass, yellow perch, and
darter treatments during 15 min trials.

darter and fishless treatments (Tukey’s hsd p ,
0.004 for both).

Fish behavior

Fish initiated interactions with 53% of cray-
fish. Fish approached male and female crayfish
of different sizes in a similar manner as indi-
cated by the lack of a statistically significant sex
3 size interaction (x2 p 5 0.7). However, the fish
differed in the frequency with which they lat-
erally displayed to crayfish of different sizes (x2

p 5 0.015, Fig. 4A). Darters directed 80% of
their lateral displays and all head-forward dis-
plays to small crayfish (Fig. 4). Head-forward
displays by darters were too infrequent to be
included in statistical analyses (Fig. 4B). Both
rock bass and perch exhibited similar numbers
of head-forward displays (x2 p 5 0.9). Most
head-forward displays by perch and rockbass
were directed to large crayfish (Fig. 4B).

Discussion

The structure of ecological communities is in-
fluenced by the behavioral interactions among

species (Werner 1992). Thus, characterizations of
factors that alter species interactions will pro-
vide insight into the mechanisms that maintain
ecological communities. This study demon-
strates the importance of crayfish body size in
shaping interactions between both crayfish and
fish. Small crayfish rarely displayed their chelae
but often tailflipped after fish approached them.
Fish had little effect on the movement of large
crayfish.

Our results agree with those of Stein and
Magnuson (1976) and confirm that crayfish
show size-specific behavior during encounters
with fish. These findings suggest crayfish rec-
ognize their size-specific vulnerability to pred-
ators and choose behaviors that reduce their ex-
posure. Because large size provides crayfish
with a refuge against predation, the behavior of
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small crayfish should decrease their vulnerabil-
ity to fish predators (Stein 1977). Organisms
that experience size-specific predation risks are
predicted to use behavioral strategies that max-
imize growth while minimizing risk of mortal-
ity during periods when they experience risk
(Werner and Gilliam 1984).

Prey use information about potential preda-
tors to determine predation risk (Eklöv and
Diehl 1994). Among behaviors quantified in this
study, there is little evidence that crayfish can
recognize predatory fish from non-predatory
fish species. These results are consistent with
those of Blake et al. (1994). Thus, it appears that
crayfish may not distinguish between predatory
and non-predatory fish species. Crayfish may
rely on alternative strategies that do not require
predator recognition, such as being nocturnally
active when fish are inactive (Mitchell and Ha-
zlett 1996).

Fish behavior was also influenced by crayfish
size. Perch and rock bass showed similar behav-
ior. Both species advanced toward large crayfish
.60% of the time. Crayfish may compete with
fish for access to food resources, and large cray-
fish may pose a potential physical threat to fish.
Fish were expected to approach small crayfish
more frequently because small individuals are
potential prey for both rock bass and perch
(Hobbs 1993). Our results suggest that the an-
tipredator behavior employed by small crayfish
conceals their presence from potentially dan-
gerous fish.

Darters, which are not crayfish predators, be-
haved differently toward crayfish than rock bass
or yellow perch. Darters directed their displays
laterally and mostly at small crayfish. Large
crayfish can capture and consume darters, mak-
ing encounters with these potential predators
risky for darters (Hobbs 1993). Both darters and
crayfish use rocks and other debris for refugia.
This overlap in resource use could lead to com-
petition, particularly when predators increase
the need for the use of refugia (Rahel and Stein
1988). However, darters approached and initi-
ated interactions with crayfish even when ref-
uges were not limited. These results indicate
that crayfish and darters also compete for other
resources such as invertebrate prey.

In conclusion, the size of 1 species in a cross-
species encounter can influence the behavior of
both participants. Our results indicate that
small crayfish respond more strongly to the

presence of fish than do large crayfish. Crayfish
behaved similarly when interacting with pred-
atory and non-predatory fish. This result sug-
gests that crayfish avoid interactions with fish
altogether, rather than rely on signals (e.g.,
chemical cues) that would warn them of the sta-
tus of fish they encounter. This study also dem-
onstrates that fish approaches and interactions
with crayfish are influenced by crayfish size and
fish species. Because fish approached large cray-
fish more frequently, fish advances may not rep-
resent foraging. Morphological traits like size
can alter the behavior of initiators and respond-
ers during ecological interactions, so the out-
come and importance of ecological interactions
will likely depend on the size structure of spe-
cies composing biological communities.
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