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Size-selective predation on zebra mussels (Dreissena polymorpha)
by crayfish (Orconectes propinquus)
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Abstract. Zebra mussels (Dreissena polymorpha) are now a common component of benthic com-
munities in the lower Great Lakes, but information regarding North American predators remains
scant. I measured predation by crayfish (Orconectes propinquus) on different size classes of zebra
mussels in aquarium experiments. Crayfish showed a strong preference for small (3-5 mm) mussels,
although larger individuals (8-10 mm, 12-14 mm) were also eaten when presented simultaneously.
Feeding rates on different mussel size classes were affected by crayfish size and sex, although results
varied between experiments. Survival of zebra mussels was enhanced between 3 and 30% when
crayfish were offered alternative macrophyte foods (Potamogeton, Vallisneria); however, size selective
predation patterns on mussels remained virtually unchanged in the presence of alternative foods.
Time-lapse videographic studies revealed that both rejection rate and handling time increased with
mussel size. Despite high predation rates on small mussels, crayfish attacked medium and large
mussels more often than small individuals. Results of this study indicate that predation by O.

propinquus on D. polymorpha will be limited primarily to small- and medium-sized mussels.
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The Great Lakes currently support at least 53
animal species introduced from other regions
of the world (Mills et al. 1993). The zebra mussel
(Dreissena polymorpha), a native of the Caspian
and Black Sea region of Europe, is among the
most recent and conspicuous species to invade
the Great Lakes. Zebra mussels were first de-
tected in Lake St. Clair and western Lake Erie
in 1988, but probably first invaded these sys-
tems in 1986 (Hebert et al. 1989, 1991). The dis-
tribution of zebra mussels in North America has
expanded very rapidly to include, by January
1993, the Illinois, Ohio, Mississippi, Arkansas,
Tennessee, Hudson, Susquehanna, Ottawa and
St. Lawrence systems, and inland lakes in On-
tario, Ohio, and Michigan (Zebra Mussel Infor-
mation Clearinghouse 1993).

Adult and larval (veliger) mussels are now
dominant members of the benthos and plank-
ton in Lake Erie and Lake St. Clair (Leach 1992,
Mackie 1991, Hunter and Bailey 1992). Adult
mussel densities as high as 342,000 individuals/
m? in Lake Erie and 200,000 individuals/m? in
Lake St. Clair have been reported (Leach 1992,
Mackie 1991). These densities greatly exceed
those typically observed in European lakes (e.g.,
Bij de Vaate 1991, Staficzykowska and Lewan-
dowski 1992) and have resulted in dramatic
transformations of the western Lake Erie and
Lake St. Clair ecosystems. For example, densi-
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ties of native unionid mollusks have declined
severely in both systems owing, in part, to in-
festations of attached zebra mussels on exposed
shell surfaces. Unionids fouled in this manner
may suffer from both exploitative competition
for food and interference in opening and clos-
ing their valves (Hebert et al. 1989, Mackie 1991,
Hunter and Bailey 1992). Dreissena filter-feed-
ing has been implicated in declines of micro-
zooplankton abundance and phytoplankton
biomass in western Lake Erie (Maclsaac et al.
1991, 1992, Leach 1992, Bunt et al. 1993, Holland
1993). Water clarity has improved in both Lake
St. Clair and Lake Erie since establishment of
Dreissena (Hebert et al. 1991, Leach 1992, Hol-
land 1993).

Despite the abundance and importance of ze-
bra mussels in some Great Lakes, information
regarding predation on settled mussels is lim-
ited. Four species of waterfowl (Lesser Scaup
Aythya affinis, Greater Scaup A. marila, Buffle-
head Bucephala albeola, and Common Goldeneye
B. clangula) from the Point Pelee, Ontario, area
were found to contain Dreissena remains in their
gizzards, and large flocks of these and other
diving ducks have congregated in the Point Pe-
lee region during fall migration since mussels
have become common in Lake Erie (Hamilton
1992, Wormington and Leach 1993). Exclosure
experiments in Lake Erie near Point Pelee re-
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vealed that diving waterfowl could severely de-
plete Dreissena density (Hamilton et al. 1994).
Sessile Dreissena are also eaten by freshwater
drum (Aplodinotus grunniens) in the Great Lakes
(French and Bur 1992). European workers have
observed high rates of predation on zebra mus-
sels by the crayfish Orconectes limosus, and have
suggested that crayfish predation can greatly
reduce the abundance of Dreissena populations
(Piesik 1974, 1983, Szlauer 1974, Kornobis 1977).
Piesik (1974) observed that O. limosus tended to
prey selectively on small (1-7 mm) zebra mus-
sels, and that predation rates by female crayfish
were higher than those of males.

Crayfish are common inhabitants of Lake St.
Clair and western Lake Erie at depths of 0.5-5
m (personal observations). In addition to animal
prey, crayfish consume detritus (Crocker and
Barr 1968) and a variety of aquatic plants (Ca-
pelli 1980, Feminella and Resh 1989, Hanson et
al. 1990, Chambers et al. 1990, 1991, Olsen et
al. 1991, Hart 1992, Hill et al. 1993). The impact
of crayfish predation on zebra mussel popula-
tions in nature will depend on relative pref-
erences for zebra mussels, other invertebrates,
aquatic plants and detritus. To date no studies
have addressed predation on zebra mussels by
crayfish in the Great Lakes.

The purpose of this study was to assess
whether the crayfish Orconectes propinquus feeds
selectively on different size classes of D. poly-
morpha, and whether feeding rates are affected
by crayfish size or sex. Additional experiments
were conducted to assess whether feeding rates
are affected by the presence of alternative mac-
rophyte foods (Vallisneria, Potamogeton). Finally,
behavioural observations were made to deter-
mine Orconectes handling times and rejection
rates for different size classes of Dreissena.

Methods

Mussel-size preference experiment

Crayfish, zebra mussels and water were col-
lected from Lake St. Clair at a site east of Peche
Isle, Ontario (42°37'N, 82°28'W), during July and
August 1992. Orconectes propinquus individuals
were hand-collected by divers by overturning
small rocks. Crayfish were taken to the labo-
ratory, maintained in 810-L aquaria equipped
with a gravel bed, clay pot refuges and aerated,
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glass-fibre-filtered (Whatman, retention to 1.5
pum) lake water, and fed small pieces of beef
liver ad libitum. Crayfish were acclimated in-
dividually in 38-L aquaria with opaque walls
two days before experimental trials. Crayfish
hunger level was standardized by adding 250
+ 10 mg of beef liver per aquarium per day
during the acclimation period. Only non-berry
female and form-1 male crayfish were used in
experiments.

Rocks encrusted with zebra mussels were col-
lected from the lake and transferred to 38-L
aquaria containing filtered lake water. Cultured
mussels were provided with a maintenance ra-
tion of a Cryptomonas suspension (~3 x 10° cells/
mL final density) every second day. Fifteen
healthy (valves gaped, siphons extended) mus-
sels from each of three shell length categories:
small, 3-5 mm (1.9-8.0 mg), medium, 8-10 mm
(30.2-56.8 mg), and large, 12-14 mm (95.1-147.2
mg) were collected from the aquaria one day
before experimental trials by cutting byssus
threads. Individuals were placed on a 250-cm?
coarse (1.4 mm) nylon-mesh netting which was
subsequently folded over and sealed, and placed
in an aquarium with filtered lake water but lack-
ing mussels. Most mussels attached byssal
threads to the netting or to other mussels dur-
ing the acclimation period. Size distributions of
settled Dreissena in Lakes St. Clair and Erie in-
clude mussels both smaller and larger than those
used here, but are biased toward mussels <12
mm (Mackie 1991, Leach 1992, Maclsaac et al.
1992). Experimental mussel densities on netting
were more than two orders of magnitude lower
than maximum densities observed in Lake Erie
and Lake St. Clair.

Experimental aquaria (38 L) contained 12.5L
(~10 cm) of aerated, glass-fibre-filtered water
and a clay pot refuge. The pot rested on a bed
of gravel that covered one half of the aquarium.
Feeding trials were conducted under conditions
(19-20°C, 9:15 light:dark regime) that approxi-
mated natural conditions in the lake at that time.
At the outset of a feeding trial, a piece of netting
containing Dreissena was unfolded, placed on
the bottom of a crayfish aquarium at the end
lacking gravel, and held in place by small rocks
at each corner. Identical procedures were fol-
lowed in control aquaria lacking crayfish. Feed-
ing trials were conducted on four separate dates;
between two and five control replicates (lacking
crayfish) were conducted on each date (Table
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TABLE 1.
rophyte foods (Vallisneria, Potamogeton) vs. mussels.
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Design of experiments exploring crayfish predation on different mussel size classes, and mac-

Replicates per treatment

Orconectes Length range (cm)

Experiment Trial Controls Male Female Male Female
Mussel size preference 1 2 7 5 5.5-7.2 4.7-6.1
2 5 7 4 5.0-5.8 4.6-6.7

3 3 9 3 5.4-6.8 4.0-6.7

4 3 5 8 3.9-5.5 4.4-6.0

Macrophytes vs. mussels 1 3 6 6 4.6-6.1 5.1-6.8
2 3 7 6 4.3-7.5 3.5-4.4

3 4 6 4 4.9-7.5 3.8-5.8

4 3 3 5 4.7-5.2 5.1-6.6

1). All feeding trials lasted 48 h, after which
crayfish were removed and narcotized in car-
bonated water. Crayfish wet mass was deter-
mined to the nearest 0.1 g, and body length
(cephalothorax + abdomen) was measured to
the nearest 1 mm. Although this study em-
ployed body length as a measure of crayfish
size, it could be substituted by body mass which
is highly related to body length by the equation
dry mass = 0.108 X body length*”*, r* = 0.97.
Crayfish species and sex were identified using
Crocker and Barr (1968). Survival of different
size classes of zebra mussels was assessed at the
termination of the experiment, and surviving
individuals were checked for evidence of non-
lethal damage. Crayfish feeding rates (mussels
ingested/day) were calculated based on mussel
survival patterns.

Feeding on macrophytes vs. mussels

In a second experiment involving four feed-
ing trials, crayfish were provided with alter-
native foods (Potamogeton crispus and Vallisneria
americana) in addition to Dreissena prey. Both
species of macrophytes, which were collected
at the site described above, are common in Lake
St. Clair (Edsall et al. 1988) and both are fed
upon by Orconectes crayfish (Olsen et al. 1991).
Macrophytes collected from the lake were taken
to the laboratory and maintained in aquaria
containing filtered lake water. One day before
the feeding trial, individual Potamogeton shoots
and Vallisneria rosettes were cut tranversely with
ascalpelinto 5-cm lengths. Seven pieces of each
species were bunched together at the base with
either a paper clip or a rubber band (depending

on trial date). All Vallisneria rosettes contained
at least one leaf. Individual macrophyte bunch-
es were patted dry and weighed to the nearest
0.01 g before the experiment. One bunch of
each macrophyte species was placed in each
aquarium on the bare glass bottom between the
mussel-laden netting and clay pot refuge. Fol-
lowing the experiment, macrophyte tissues were
recovered, patted dry and weighed. Differences
in plant biomass between control and crayfish
aquaria were analyzed separately for Potamo-
geton and Vallisneria using Bonferroni-adjusted
t-tests following In(x + 1)-transformation of
biomass data.

Behavioural observations

Time-lapse videography studies were con-
ducted to determine handling and rejection
times, and predation and rejection rates for Or-
conectes propinquus feeding on 3-5 mm, 8-10 mm,
and 12-14 mm Dreissena. Animal collection and
acclimation procedures followed those outlined
above, except that crayfish were fed a daily ra-
tion of 160 = 3 mg (¥ £ 1 SE) of Wardsley®
Shrimp Pellets. Procedures were similar to those
described for the food preference experiments
except that aquaria lacked gravel and macro-
phytes, trials lasted 24 h, and only one Dreissena
size class was presented as prey ata time. Fifteen
mussels were spaced 1.5 cm apart ina 3 X 5
array 3-cm away from the clay pot. Trials with
other size classes were conducted over the fol-
lowing two days. The order of trials involving
different Dreissena size classes was determined
haphazardly for each of four male and four fe-
male crayfish. Crayfish predation behaviour was
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recorded over a 24-h period (10:14 h, L:D) using
an infrared-sensitive Panasonic camera (model
WV-1854) fitted with a 12.5-mm Cosmicar lens
and a Panasonic time-lapse video cassette re-
corder (model AG-6050). Recording was con-
ducted at 5 frames/s. The camera was posi-
tioned 21 cm below the test aquarium, providing
a field of view of ~14 X 17 cm. To enhance
images recorded during periods of low natural
light, additional illumination was provided by
a 250-W General Electric spotlight equipped
with a infra-red transmitting filter (Kodak 11).
Crayfish behaviour was not affected by the spot-
light. I recorded numbers of unsuccessful pre-
dation attempts and numbers of mussels eaten.
Information on the number of mussels surviv-
ing the trial was used rather than the number
of recorded successful predation events in cal-
culating predation rates because not all such
events occurred within the field of view. Han-
dling time was determined as the difference
between time of ingestion and time of initial
contact for recorded observations. Rejection time
was determined as the difference between time
of rejection and that of initial contact.

Statistical analyses

Differences between control and experimen-
tal Dreissena survival rates for each size class
were explored using Bonferroni-adjusted t-tests
and sin~* (proportion survival rate)’® data. Dif-
ferences in crayfish feeding rate on mussels in
the presence and absence of alternative mac-
rophyte food were tested for each mussel size
class using In(feeding rate + 1) data and ¢-tests.
Feeding-rate data were not corrected for mussel
mortality in control containers because this
mortality was always =1.5% and did not vary
significantly between experiments with and
without macrophytes (¢-tests, p > 0.10). Obser-
vations for four crayfish that molted during ex-
perimental trials were deleted from analyses.

The effects of crayfish sex and length on feed-
ing rate on mussels was assessed separately for
each mussel size class using analysis of covari-
ance, with crayfish length entered as a covariate
and sex as a categorical variable. Because pre-
liminary analyses indicated no significant (p >
0.05) interactions between independent vari-
ables, models presented here lack interaction
terms.

Selectivity coefficients were calculated for
each Orconectes for each Dreissena size class us-
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ing Chesson’s (1983) preference index, a, with
corrections for prey depletion. Selectivity coef-
ficients for small Dreissena ranged between 0
(only medium and large Dreissena eaten) and 1
(only small Dreissena ingested), with a value of
0.33 indicating non-selective feeding. Calculat-
ed o values for small Dreissena are conservative
because 10 and 7 observations were omitted from
the analysis for experiments 1 and 2, respec-
tively, because of 100% mortality of small-sized
Dreissena. The significance of differential feed-
ing by Orconectes on different Dreissena size
classes was tested using Yao’s (1965) multivar-
iate method (see Manly 1993). This method con-
trasts differences in survival patterns of differ-
ent mussel size classes exposed to crayfish with
those of comparable control populations. The
method is superior to other tests of feeding
preference because all control and experimental
data may be used and because problems result-
ing from random pairing of experimental and
control values are avoided (Peterson and Re-
naud 1989, Manly 1993).

Median handling times were computed for
each Orconectes preying on small and medium
Dreissena for the videotaped observations. Me-
dian rejection times were calculated for unsuc-
cessful recorded predation attempts on medium
and large mussels. Differences in median han-
dling times for small and medium mussels and
in median rejection times for medium and large
mussels were analyzed using Mann-Whitney
U-tests. Handling times for large mussels and
rejection times for small mussels were not used
in these analyses because of insufficient record-
ed observations (1 and 3, respectively).

Results
Feeding experiments

All Dreissena size classes from both the size-
preference and macrophyte experiments expe-
rienced significantly lower survival when in-
cubated with Orconectes relative to controls
lacking crayfish (p < 0.01) (Fig. 1). Orconectes
preyed intensively on small (3-5 mm) Dreissena,
but ate fewer medium (8-10 mm) and large (12~
14 mm) mussels (Fig. 1). Individual crayfish
demonstrated significant preference for small
mussels in both the size-preference experiment
(F =998, df = 2, 54.4, p < 0.0005) and in the
macrophyte experiment (F = 83.4, df = 2, 48.2,
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Dreissena Size Class (mm)

Fic. 1. Mean (+1 SE) survival rate of 3-5-mm
(small), 8-10-mm (medium), and 12-14-mm (large)
Dreissena in aquaria with (light stipples) and without
(dark stipples) Orconectes. Experiments were con-
ducted with Dreissena as the only food (A) or with
Vallisneria and Potamogeton as alternative foods (B).

p < 0.0005) (Fig. 2). Crayfish exhibited a slightly
stronger preference for small mussels in the
presence of macrophytes than in the experi-
ment lacking alternative foods.

Shells of killed and consumed Dreissena were
typically broken into small fragments and scat-
tered on the netting, although fragments were
occasionally found in or adjacent to clay pots
on the gravel bed. Visual inspections of large
mussels in both experiments revealed no evi-
dence for non-lethal damage by crayfish.

Both crayfish length (Fig. 3) and sex (Fig. 4)
affected feeding rate on mussels, although ef-
fects varied between experiments with and
without macrophytes (Table 2). In a regression
analysis of feeding rates on large mussels on
crayfish length, both crayfish size and the in-
tercept were significant (t-tests, p < 0.05). Thus,
the ability to successfully prey on large Dreis-
sena was limited to mussels larger than 4.2 cm
body length (Fig. 3C). By contrast, feeding rates
on small mussels declined slightly with increas-
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ing crayfish length (t-test, p = 0.06; Fig. 3A).
Crayfish length, however, was a poor predictor
of feeding rate on mussels in the macrophyte
experiment (Table 2). Female crayfish tended to
have higher feeding rates than male crayfish
(Fig.4)in the macrophyte experiment, although
differences were significant only for large mus-
sel prey (Table 2).

The presence of macrophytes resulted in in-
creased survival of each size class of Dreissena
when incubated with crayfish (Fig. 1A, B), al-
though differences were significant (p = 0.008)
only for medium-sized mussels. Overall Dreis-
sena survival, adjusted for survival of mussels
in control aquaria, increased by 30%, 27% and
3% in treatments with macrophytes for small,
medium, and large mussel size classes, respec-
tively. Crayfish significantly reduced the bio-
mass of Potamogeton crispus (t = 4.56, df = 51.7,
p < 0.0001) and Vallisneria americana (t = 2.85,

1.07

Selectivity «

3-5

Dreissena Size Class (mm)

8 - 10 12 - 14

FiG. 2. Mean (+1 SE) selectivity coefficients for
Orconectes feeding on different size classes of Dreissena
in experiments without (A) and with (B) macrophyte
food. The dotted line depicts non-selective feeding
(a = 0.33). Points above the line represent positive
selection for that food type, and points below rep-
resent negative selection.
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df = 50.8, p < 0.01) relative to control aquaria
lacking Orconectes (Fig. 5).

Behavioural observations

Orconectes predation patterns on Dreissena in
the videotaped observations paralleled those in
the preference experiments (Fig. 6). High pre-
dation rates on small mussels can be explained
by the relative ease with which they were han-
dled by crayfish. Small mussels required sig-
nificantly (U = 40, p = 0.003) less manipulation
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Fi1G.3. Relationship between feeding rates of male

(solid circle) and female (open box) Orconectes on small

(A), medium (B), and large (C) Dreissena and crayfish

length. Data are from the mussel-size preference ex-
periment.
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Feeding Rate (mussels/day)

Female

Male
Crayfish Sex

Fic. 4. Mean (+1 SE) feeding rates on small (dark
stipple), medium (light stipple) and large (open)
Dreissena in relation to Orconectes sex. Data are from
the macrophyte vs. mussels experiment.

time (median = 68 s) than medium ussels (me-
dian 456 s) before they were ingested. Low pre-
dation rates on large mussels were not the result
of avoidance of this prey size by predators.
Rather, unsuccessful predation attempts were
much more common for large than for medium
mussels (Fig. 6). Only one crayfish of eight test-
ed was observed to reject small mussels, where-
as all crayfish rejected some medium and large
individuals. Despite the high number of un-
successful predation attempts, rejection times
for large mussels (median 16.5 s; n = 8) were
not significantly higher than those for medium
individuals (13.5s; n = 8) (U = 32.5, p = 0.958).

Discussion

Predation is an important determinant of the
abundances and distributions of many animals
and plants. Predation by crayfish may affect
macroalgae and macrophyte distributions and
abundances in both lentic systems and streams
(Feminella and Resh 1989, Coffey and Clayton
1988, Hart 1992). Decapods may also affect an-
imal abundances, either directly, by preying on
vulnerable species or prey size classes (Robles
1987), or indirectly, by reducing the abundance
of aquatic plants used by other animals for shel-
ter or food (Hart 1992). In Europe, predation by
crayfish (Orconectes limosus) may account for
large declines in the seasonal abundance of
Dreissena (Piesik 1974, 1983, Kornobis 1977). The
results reported here suggest that the crayfish
O. propinquus may be expected to prey on small-
and medium-sized zebra mussels in North
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TABLE 2. Results of analysis of covariance tests explaining variation in transformed survival data for small
(3-5 mm), medium (8-10 mm) and large (12-14 mm) classes of Dreissena in preference experiments lacking
or with alternative macrophyte foods. Probabilities: * p < 0.10; ** p < 0.05; *** p < 0.01; NS p > 0.10.

Orconectes predictors

Dreissena Body length Sex
Experiment size class F df F df
Mussel size preference small 3.1* 1,45 1.2Ns 1,45
medium 1.9~ 1,45 <0.1ns 1,45
large 7.5%** 1,45 0.2n8 1,45
Macrophytes vs. mussels small <0.1ns 1,40 1.6Ms 1,40
medium 1.8Ns 1,40 0.7n8 1,40
large 2.0ns 1,40 4.2** 1,40

America. Other predators, including roach (Ru-
tilus rutilus) and tufted duck (Aythya fuligula),
prey selectively on small Dreissena (Draulans
1984, Prejs et al. 1990, DeLeeuw and van Eerden
1992).

Orconectes propinquus predation on Dreissena
was affected by crayfish size, particuarly with
respect to small and large mussels when mac-
rophytes were absent (Fig. 3A, C; Table 2). Al-
though all crayfish preyed extensively and pref-
erentially on small Dreissena, selectivity
coefficients for small mussels tended to decline
with increasing crayfish size. Piesik (1974) re-
ported a similar pattern of increased prey size
breadth with increasing crayfish size, but only
for females. The inclusion of large prey classes
in diets of larger crayfish may reflect a tradeoff
between increased energy content and in-

0.3

kid Potamogeton
O vallisneria

0.2

Plant Biomass Missing (g)

Absent
Orconectes

Present

F1G.5. Loss of macrophyte biomass in aquaria with
and without Orconectes.

creased handling time. The ratio of Dreissena
energy content to shell crushing resistance,
measured using a vertical press, increased with
increasing mussel size (Prejs et al. 1990). This
relationship suggests that predators should eat
the largest prey possible (Prejs et al. 1990). Dif-
ficulty in manipulating, prying open, or crush-
ing large mussels, however, may restrict small
crayfish to only small prey, and large crayfish
to a combination of small, easily-handled prey
with a high cost:benefit ratio and large prey
with a lower cost:benefit ratio (Fig. 2). Behav-
ioural observations are consistent with these
predictions. In virtually all cases, crayfish seized
small mussels using the 2nd or 3rd pereiopods,
transferred the mussels to the maxillipeds, then
crushed or pulled the animals apart using the
2nd pereiopods and maxillipeds. Some small
mussels were apparently crushed and eaten
whole. Piesik (1974) reported that O. limosus
preyed on small Dreissena by tearing them from
attached substrates using chelipeds of the 2nd
and 3rd walking legs. My observations showed
that handling of medium and especially large
Dreissena was much more laborious and often
resulted in rejection (Fig. 6). These mussels were
grasped with either the 2nd or 3rd pereiopods
or by the chelipeds. During manipulation, the
chelipeds were often folded and used as sup-
ports to minimize mussel movement during
manipulation by the maxillipeds and 2nd and
3rd pereiopods. Unsuccessful attempts to pry
open mussel shells were frequently followed
by a reorientation of the mussel and additional
predation attempts. This attack behaviour dif-
fers from that reported by Piesik (1974). He ob-

This content downloaded from 137.207.152.87 on Wed, 06 Jun 2018 17:10:07 UTC
All use subject to http://about.jstor.org/terms



1994]

served that large mussels or those more firmly
attached to substrates were seized in the man-
dibles and torn free as the crayfish rose up on
its legs from a sitting position (Piesik 1974).
Most Dreissena were eaten where they were en-
countered (on the netting), although individ-
uals were occasionally moved to the pot refuge
where they were killed and eaten. Covich et al.
(1981) observed that some Cambarus bartonii and
Procambarus clarkii individuals retreated to ref-
uges before feeding on the clam Corbicula.
Juanes (1992) reported that preference for
small-sized molluscan prey is common among
decapod predators. Results from my feeding

preference trials (Fig. 1) appeared consistent’

with this pattern. Data for median handling
time (68 and 456 s) and median dry mass (4.8
and 44.2 mg) for small and medium mussels
suggested that predation on small individuals
(14.1 s/ mg) was less efficient energetically than
that on medium mussels (10.3s/mg). Juanesand
Hartwick (1990) proposed that decapod preda-
tors may prefer prey size classes smaller than
those predicted to maximize the net rate of en-
ergy acquisition if predation on large prey is
accompanied by enhanced claw-tooth wear or
chelae breakage, either of which would impair
subsequent feeding. Videotaped observations,
however, contrast predictions of the energy ef-
ficiency model with those of the claw breakage
model. Although crayfish experienced much
higher predation success on small mussels than
on larger individuals, and thus appeared to pre-
fer small prey, large mussels are attacked pref-
erentially to small individuals (Fig. 6). When
presented with equal numbers of small, medi-
um and large mussels arranged in a regular dis-
tribution, crayfish launched an average of 53%
of the first ten attacks against large mussels and
only 11% against small individuals (unpub-
lished data). Thus the differences in size pref-
erence patterns of crayfish observed in this study
represent post-contact behaviour and not pre-
contact avoidance of large prey. The higher at-
tack rate on large mussels may simply reflect
enhanced encounter rates with predators, al-
though the close proximity (1.5 cm) of neigh-
bouring small- and medium-sized mussels sug-
gests that encounter rates should not have
differed strongly for different mussel size class-
es (Fig. 6). Preference studies that rely solely
on differences in abundances of different prey
classes in predator vs. predator-free arenas may
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FIG. 6. Mean (£1 SE) number of consumed and
recorded rejections of Dreissena by Orconectes in re-
lation to mussel size in videotaped observations.

not provide an accurate reflection of total pre-
dation costs because unsuccessful, and perhaps
costly, attempts to kill larger prey will not be
apparent from simple assessments of changes
in prey abundances in control vs. predator are-
nas.

Piesik (1974) observed broad differences in
male and female crayfish predation rates on
Dreissena. 1 observed a similar difference in pref-
erence experiments with macrophytes, partic-
ularly for large mussels (Fig. 4; Table 2). Piesik
attributed higher female predation rates to the
unusual physiological (reproductive) state of
male crayfish in his study.

Average predation rates in the mussel pref-
erence experiment (8.9 mussels/crayfish/day)
and macrophyte experiment (6.8 mussels/cray-
fish/day) are lower than those reported by Pie-
sik (1974) for Orconectes limosus preying on
Dreissena (36 small mussels/crayfish/day). It is
difficult to interpret differences in O. propinquus
and O. limosus predation rates because of dif-
ferences in experimental procedures used in the
two studies. To minimize crayfish disturbance
during my short experiments, consumed prey
were not replaced. Predation rates would have
been higher had consumed mussels been re-
placed, considering that small mussels were en-
tirely depleted in some aquaria. In addition, the
experiments reported here used mussels that
had only recently attached to mesh or other
mussels. Because the number of byssal threads
increases with time since mussel attachment
(Eckroat et al. 1992), naturally attached mussels

This content downloaded from 137.207.152.87 on Wed, 06 Jun 2018 17:10:07 UTC
All use subject to http://about.jstor.org/terms



214

might be more difficult to dislodge than those
used here. It is also not clear whether predation
rates, selectivity patterns and handling times
would be affected had naturally attached mus-
sels been used. Large mussels are often encrust-
ed with younger, smaller mussels which may
be more accessible to crayfish predators.
Zebra mussels currently represent a very sig-
nificant component of benthic biomass in Lake
Erie and Lake St. Clair (Mackie 1991). The im-
pact of predation from all sources on these pop-
ulations is not known, but is probably similar
to or lower than in Europe where predators are
more attuned to Dreissena as a food source (e.g.,
Suter 1982). The relative predation impact on
Dreissena populations of crayfish, waterfowl, and
fish will depend on numerical, functional and
developmental responses of predators, seasonal
activity patterns of predators, and depth of prey
populations in lakes. For example, although the
numerical response of waterfowl to increasing
Dreissena populations in both Lakes Erie and
Ontario is impressive (Wormington and Leach
1993), as is the importance of Dreissena in the
diet of some waterfowl (E. Mazak, University
of Windsor, personal communication), feeding
on Dreissena is generally confined to littoral wa-
ters during ice-free periods (e.g., Suter 1982, Bij
de Vaate 1991). Predation on Dreissena by cray-
fish could occur at greater depths than preda-
tion on Dreissena by waterfowl, but it would also
be constrained by low water temperatures (Pie-
sik 1974). It is also possible that predation in-
curred by zebra mussel populations during the
non-winter period may be largely inconse-
quential to overall population dynamics since
mussel mortality is most intense between the
settling postveliger and settled juvenile stage
(Stanczykowska 1977). Mortality of both juve-
nile and adult mussels is often highest during
winter (Stafnczykowska 1977, Suter 1982, Clev-
en and Frenzel 1993). Although winter mortal-
ity of zebra mussels has not been closely stud-
ied, itis generally attributed to low temperature
(Stanczykowska 1977) or to predation (Suter
1982, Suter and van Eerden 1992).
Exploitation of zebra mussels by crayfish rep-
resents a novel pathway for energy flow through
Great Lakes’ ecosystems. The results of this study
suggest that Dreissena polymorpha may be a com-
mon food of Orconectes propinquus in the Great
Lakes. Depending on their density, crayfish may
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have the potential to affect local size distribu-
tions and population densities of zebra mussels.

Acknowledgements

I thank Sandy Parker, Chris Lonnee, Harry
Ho, Kristina Perry, and Ron Russell for assis-
tance with field collections and laboratory ex-
periments. I am grateful to Joe Leach, Gary
Sprules, Scott Cooper, Jan Ciborowski, Micheal
Weis, David Lodge, Rosemary Mackay, and an
anonymous reviewer for helpful comments on
the manuscript. David Lodge helped identify
crayfish and Jan Ciborowski provided videog-
raphy equipment. Financial support for this
study was provided by research grants from the
Natural Sciences and Engineering Research
Council of Canada, the Ontario Ministry of Nat-
ural Resources, the Department of Fisheries and
Oceans, the University of Windsor Research
Board, and by student employment grants from
the Ontario and Canadian governments.

Literature Cited

By DE VAATE, A. 1991. Distribution and aspects of
population dynamics of the zebra mussel, Dreis-
sena polymorpha (Pallas, 1771), in the lake IJssel-
meer area (The Netherlands). Oecologia 86:40-
50.

BunT, C., H. J. MAcIsaAc, AND W. G. SPRULES. 1993.
Pumping rates and projected filtering impacts of
juvenile zebra mussels (Dreissena polymorpha) in
western Lake Erie. Canadian Journal of Fisheries
and Aquatic Sciences 50:1017-1022.

CaPELLI, G. M. 1980. Seasonal variation in the food
habits of the crayfish Orconectes propinquus (Gi-
rard) in Trout Lake, Vilas County, Wisconsin,
U.S.A. (Decapoda, Astacidea, Cambaridae). Crus-
taceana 38:82-86.

CHAMBERS, P. A., J. M. HaNsON, J. M. BURKE AND E.
E. PrReras. 1990. The impact of the crayfish Or-
conectes virilis on aquatic macrophytes. Freshwa-
ter Biology 24:81-91.

CHAMBERS, P. A., J. M. HANSON, AND E. E. PREPAS.
1991. The effect of aquatic plant chemistry and
morphology on feeding selectivity by the cray-
fish, Orconectes virilis. Freshwater Biology 25:339-
348.

CHESSON, J. 1983. The estimation and analysis of
preference and its relationship to foraging mod-
els. Ecology 64:1297-1304.

CLEVEN, E. J., AND P. FRENZEL. 1993. Population dy-
namics and production of Dreissena polymorpha
(Pallas)in River Seerhein, the outlet of Lake Con-

This content downloaded from 137.207.152.87 on Wed, 06 Jun 2018 17:10:07 UTC
All use subject to http://about.jstor.org/terms



1994]

stance (Obersee). Archiv fiir Hydrobiologie 127:
395-407.

CoFrFEY, B. T., AND J. S. CLAYTON. 1988. Contrasting
deep-water macrophyte communities in two
highly transparent New Zealand lakes and their
possible association with freshwater crayfish,
Paranephrops spp. New Zealand Journal of Marine
and Freshwater Research 22:225-230.

CovicH, A. P, L. L. Dyg, AND J. S. MATTICE. 1981.
Crayfish predation on Corbicula under laboratory
conditions. American Midland Naturalist 105:181-
188.

CROCKER, D. W., AND D. W. BARR. 1968. Handbook
of the crayfishes of Ontario. University of To-
ronto Press, Toronto.

DELEEUW, J. J., AND M. R. vAN EERDEN. 1992. Size
selection in diving tufted ducks Aythya fuligula
explained by differential handling of small and
large mussels Dreissena polymorpha. Ardea 80:353-
362.

DRrAULANS, D. 1984. Sub-optimal mussel selection
by tufted ducks Aythya fuligula: test of a hypoth-
esis. Animal Behaviour 32:1192-1196.

ECKROAT, L. E., E. C. MASTELLER, J. C. SHAFFER, AND L.
M. STEELE. 1992. The byssus of the zebra mussel
(Dreissena polymorpha): morphology, byssal thread
formation, and attachment. Pages 239-263 in T.
F. Nalepa and D. W. Schloesser (editors). Zebra
mussels: biology, impacts, and controls. Lewis
Publishers, Boca Raton, Florida.

EpsaLL, T. A., B. A. MANNY, AND C. N. RAPHAEL. 1988.
The St. Clair River and Lake St. Clair, Michigan:
an ecological profile. Contribution #682, U.S. En-
vironmental Protection Agency, Ann Arbor,
Michigan.

FEMINELLA, J. W., AND V. H. REsH. 1989. Submerged
macrophytes and grazing crayfish: an experi-
mental study of herbivory in a California fresh-
water marsh. Holarctic Ecology 12:1-8.

FRENCH, J. R. P., AND M. T. BUR. 1992. Predation of
the zebra mussel (Dreissena polymorpha) by fresh-
water drum in westrn Lake Erie. Pages 453-464
in T. F. Nalepa and D. W. Schloesser (editors).
Zebra mussels: biology, impacts, and controls.
Lewis Publishers, Boca Raton, Florida.

HAMILTON, D. ]J. 1992. A method for reconstruction
of zebra mussel (Dreissena polymorpha) length from
shell fragments. Canadian Journal of Zoology 70:
2486-2490.

HaMmILTON, D.J.,C. D. ANKNEY, AND R. C. BAILEY. 1994.
Predation by diving ducks on zebra mussels: an
exclosure experiment. Ecology 75:521-531.

HAaNsON, J. M., P. A. CHAMBERS, AND E. E. PREPAS.
1990. Selective foraging by the crayfish Orco-
nectes virilisand its impact on macroinvertebrates.
Freshwater Biology 24:69-80.

Hart, D. D. 1992. Community organization in

PREDATION ON ZEBRA MUSSELS BY CRAYFISH

215

streams: the importance of species interactions,
physical factors, and chance. Oecologia 91:220-
228.

HeBERT, P. D. N., B. W. MUNCASTER, AND G. L. MACKIE.
1989. Ecological and genetic studies on Dreissena
polymorpha (Pallas): a new mollusc in the Great
Lakes. Canadian Journal of Fisheries and Aquatic
Sciences 46:1587-1591.

Heeert, P. D. N., C. C. WiLsON, M. H. MURDOCH, AND
R.LAZAR. 1991. Demography and ecological im-
pacts of the invading mollusc, Dreissena polymor-
pha. Canadian Journal of Zoology 69:405-409.

HiLr, A. M., D. M. SINARS, AND D. M. LoDGE. 1993.
Invasion of an occupied niche by the crayfish
Orconectes rusticus: potential importance of growth
and mortality. Oecologia 94:303-306.

HoLLanD, R.E. 1993. Changesin planktonic diatoms
and water transparency in Hatchery Bay, Bass
Island area, western Lake Erie since the estab-
lishment of the zebra mussel. Journal of Great
Lakes Research 19:617-624.

HUNTER, R. D, AND J. F. BAILEY. 1992. Dreissena poly-
morpha (Zebra Mussel): colonization of soft sub-
strata and some effects on unionid bivalves. The
Nautilus 106:60-67.

Juangs, F. 1992. Why do decapod crustaceans prefer
small-sized molluscan prey? Marine Ecology
Progress Series 87:239-249.

JuaNEs, F., AND E. B. HARTWICK. 1990. Prey size se-
lection in Dungeness crabs: the effect of claw
damage. Ecology 71:744-758.

KornoBis, S. 1977. Ecology of Dreissena polymorpha
(Pall.) (Dreissenidae, Bivalvia) in lakes receiving
heated water discharges. Polskie Archiwum Hy-
drobiologii 24:531-545.

LeacH, J. H. 1992. Impacts of zebra mussel, Dreissena
polymorpha, on water quality and spawning reefs
in western Lake Erie. Pages 381-397 in T. Nalepa
and D. Schloesser (editors). Zebra mussels: bi-
ology, impacts and control. Lewis Publishers, Boca
Raton, Florida.

Maclsaac, H. J.,, W. G. SprULES, O. E. JOHANNSSON,
AND J. H. LEACH. 1992. Filtering impacts of lar-
val and sessile zebra mussels (Dreissena polymor-
pha) in western Lake Erie. Oecologia 92:30-39.

Maclsaac, H. J.,, W. G. SPRULES, AND J. H. LEACH.
1991. Ingestion of small-bodied zooplankton by
zebra mussels: can cannibalism on larvae influ-
ence population dynamics? Canadian Journal of
Fisheries and Aquatic Sciences 48:2151-2160.

Mackig, G. L. 1991. Biology of the exotic zebra mus-
sel, Dreissena polymorpha, in relation to native bi-
valves and its potential impact in Lake St. Clair.
Hydrobiologia 219:251-268.

ManNLy, B.F.J. 1993. Comments on design and anal-
ysis of multiple-choice feeding preference ex-
periments. Oecologia 93:149-152.

This content downloaded from 137.207.152.87 on Wed, 06 Jun 2018 17:10:07 UTC
All use subject to http://about.jstor.org/terms



216

Miuts, E. L., J. H. LEacH, J. T. CARLTON, AND C. L.
SECOR. 1993. Exotic species in the Great Lakes:
a history of biotic crises and anthropogenic in-
troductions. Journal of Great Lakes Research 9:1-
54.

OLseN, T. M., D. M. LODGE, G. M. CAPELL], AND R. J.
HaAMILTON. 1991. Mechanisms of impact of an
introduced crayfish (Orconectes rusticus) on litto-
ral congeners, snails and macrophytes. Canadian
Journal of Fisheries and Aquatic Sciences 48:1853-
1861.

PETERSON, C. H., AND P. E. RENAUD. 1989. Analysis
of feeding preference experiments. Oecologia 80:
82-86.

PIEsiK, Z. 1974. The role of the crayfish Orconectes
limosus (Raf.) in extinction of Dreissena polymor-
pha) (Pall.) subsisting on stylon-net. Polskie Ar-
chiwun Hydrobiologii 21:401-410.

PIESIK, Z. 1983. Biology of Dreissena polymorpha set-
tling on stylon nets and the role of this mollusk
in eliminating the seston and the nutrients from
the watercourse. Polskie Archiwum Hydrobiolo-
gii 30:353-362.

Prejs, A., K. LEWANDOWSKI, AND A. STANCZYKOW-
SKA-PIOTROWSKA. 1990. Size-selective predation
by roach (Rutilus rutilus) on zebra mussel (Dreis-
sena polymorpha): field studies. Oecologia 83:378-
384.

RoBLEs, C. 1987. Predator foraging characteristics
and prey population structure on a sheltered
shore. Ecology 68:1502-1514.

STANCZYKOWSKA, A. 1977. Ecology of Dreissena poly-
morpha (Pall.) (Bivalvia) in lakes. Polskie Archi-
wum Hydrobiologii 24:461-530.

H. J. MAclsaac

[Volume 13

STANCZYKOWSKA, A., AND K. LEWANDOWSKL. 1992.
Thirty years of studies of Dreissena polymorpha
ecology in Mazurian lakes of Northeastern Po-
land. Pages 3-38 in T. F. Nalepa and D. W.
Schloesser (editors). Zebra mussels: biology, im-
pacts, and controls. Lewis Publishers, Boca Raton,
Florida.

SUTER, W. 1982. Der Enifluss von Wasservogeln auf
Populationen der Wandermuschel (Dreissena
polymorpha Pall.) am Untersee/Hochrhein (Bo-
densee). Schweizerische Zeitschrift fiir Hydrolo-
gie 44:149-161.

SUTER, W., AND M. R. VAN EERDEN. 1992. Simulta-
neous mass starvation of wintering diving ducks
in Switzerland and the Netherlands: a wrong de-
cision in the right strategy? Ardea 80:229-242.

SZLAUER, L. 1974. Use of steelon-net veils for pro-
tection of the hydroengineering works against
Dreissena polymorpha Pall. Polskie Archiwum Hy-
drobiologii 21:391-400.

WORMINGTON, A., AND J. H. LEACH. 1993. Concen-
trations of migrant diving ducks at Point Pelee
National Park, Ontario, in responses to invasion
of zebra mussels, Dreissena polymorpha. Canadian
Field Naturalist 106:376:380.

YAO, Y. 1965. An approximate degrees of freedom
solution to the multivariate Behrens-Fisher prob-
lem. Biometrica 52:139-147.

ZEBRA MUSSEL INFORMATION CLEARINGHOUSE. 1993.
New York Sea Grant Extension. Cornell Univer-
sity, Ithaca, New York. Volume 4(1).

Received: 21 April 1993
Accepted: 23 February 1994

This content downloaded from 137.207.152.87 on Wed, 06 Jun 2018 17:10:07 UTC
All use subject to http://about.jstor.org/terms



