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POTENTIAL FOR POPULATION REGULATION OF THE ZEBRA MUSSEL BY FINFISH AND

THE BLUE CRAB IN NORTH AMERICAN ESTUARIES

LARRY C. BOLES* AND ROMUALD N. LIPCIUS
Vireginia Institute of Marine Science

School of Marine Science

College of William and Mary

Gloucester Point, Virginia 23062

ABSTRACT We conducted a senies of descniptive and manipulative expenments aimed at quantifying the abundance. natural
mortality, and effectiveness of predators in controlling the zebra mussel, Dreissena polymorpha, in the Hudson River Estuary. First,
we measured distribution, abundance, and mortality rates of a zebra mussel population 1n the middle portion of the Hudson River
Estuary. NY. Rocks were collected along a depth gradient in the field and sampled for the density and size structure of the resident
mussels over the growth season. Next, we either allowed access (controls) or demed access (predator exclusion) to predators in held
expeniments with rocks harboring a known number of zebra mussels to estimate natural mortality. Finally, we conducted manipulative
field experiments to test the effectiveness of the blue crab, Callinectes sapidus, at consuming zebra mussels by presenting similar rocks
to crabs in field enclosures. Field sampling in June, July. and Auguost 1993 indicated a dense (~30.000 mussels/m~) population
composed of a single cohort of 1 + year-class mussels. Sampling in August 1994 indicated a decline in D. polymorpha density. Mussel
density increased dramatically with depth less than 2 m below the spring low tide mark. In cage experiments, blue crabs caused
mortality rates that were an order of magnitude higher than those measured for the local predator gmld, which was pnimanly composed
of finfish. Localized extinctions of zebra mussels within one growth season were predicted in areas where blue crab densites approach

0.1 crabs/m=.

KEY WORDS:

INTRODUCTION

Predation can regulate community structure and the dynamics
of marine benthic species (Peterson 1979, Paine 1980). Predator-
prey interactions in marine systems are particularly complex and
may be relatively stable because they are dominated by guilds of
ceneralist predators 'c:lpahle of switching among numerous prey
species (Peterson 1979, Hines et al. 1990). The abundances of
such generalist predators are not coupled to their benthic prey
and, therefore, are capable of controlling the dynamics of these
prey species or driving them to local extinction without being
dependent on any single species for their persistence. (Murdoch
et al. 1985). Generalist predators have long been cited as regu-
lators of population structure in the classic studies of the marine
intertidal zone (Connell 1970, Paine 1974). In this setting, a suc-
cessful predator may prevent the establishment of or destroy
monoculture of a competitively dominant species (Paine 1992).
The varied nature of the predator’s diet 1s necessary for it to per-
sist during periods of low abundance of the dominant prey spe-
cies. Such features potentially characterize predator-prey interac-
tions between the exotic zebra mussel, Dreissena polymorpha
(Pallas), and natural predators such as the blue crab, Callinectes
sapidus (Rathbun), and thereby provide the requisite conditions
for predator-mediated control of D. polvmorpha population dy-
NAMmics.

The zebra mussel was first discovered in the Hudson River in
1991 and has since expanded to its salimity limit (3—6 ppt) near
Haverstraw, NY (Strayer et al. 1993). The rapid colonization of
North American waters has been facilitated by its high fecundity
(30,000 eggs/female per year), a free-swimming larval stage that 1s
unlike that of any native freshwater bivalve, and the apparent lack
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of effective competitors and predators (Hebert et al. 1991, Lemma
et al. 1991, Maclsaac et al. 1991, Strayer 1991). As a consequence,
D. polymorpha often occurs at densities exceeding 10,000 mus-
sels/m” and has thereby become a major and costly nuisance
(Cooley 1991, Griffiths et al. 1991). Zebra mussels attached to
hard substrates by their byssal fibers form large colonies, which
can choke off water intake pipes at power plants and munmcipal
water treatment plants and also produce biofouling problems on
boats, navigational aids, and beaches.

Moreover, as a result of its salinity tolerance (up to approxi-
mately 5 ppt). the zebra mussel 1s expected to colonize and expand
into most North American waters, including the low-salinity por-
tions of estuaries such as Chesapeake Bay (Bi) de Vaate 1991,
Strayer 1991, Strayer and Smith 1993). Thus, the potential exists
for D). polymorpha to become a serious pest throughout its envi-
ronmentally delineated range in North American waters, unless
predation or competition can effectively regulate the zebra mussel
in 1ts distribution and abundance.

The blue crab is a large (males up to 227-mm carapace width
[CW]), epibenthic ommivore occurring in various habitats along
the northwest Atlantic Ocean. Gulf of Mexico, and Caribbean Sea
(Williams 1984). Blue crabs serve as both prey and consumers and
are abundant and actively forage from late spring through autumn
in Chesapeake Bay (Hines et al. 1987, Hines et al. 1990). The diet
of Chesapeake Bay blue crabs consists of bivalves. crabs (both
blue crabs and xanthids), fish, and polychaetes, and to a lesser
extent, amphipods and isopods (Hines et al. 1990, Mansour and
Lipcius 1991). Blue crab ecology in the Hudson River has not been
well studied, and consequently, the abundance and range of the
species within the system are not understood. Previous research
has shown that C. sapidus 1s common in the freshwater and low-
salinity regions of the estuary in some years (Stein and Wilson
1992). Strayer et al. (1993) reported that blue crabs in the Hudson
River included zebra mussels in their diet. Laboratory experiments
demonstrated that adult male blue crabs readily consumed zebra
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mussels and preferred the largest individuals available (Molloy et
al. 1994).

In this investigation, we quantified abundance patterns and
natural mortality rates of D). polvmoirpha in the field and tested the
hypothesis that predation by C. sapidus and naturally occurring
finfish predators might serve to limit the zebra mussel in the Hud-
son River Estuary and in other North American estuaries. We
conducted quantitative sampling and a series of field experiments
in Hudson River freshwater habitats to determine limitations im-
posed by finfish and the blue crab on zebra mussel abundance and
distribution. Further trials compared the effectiveness of the blue
crab and the local predator guild (primarly, finfish species) in
controlling zebra mussel abundance. The specific objectives of the
investigation included: (1) a description of D. polvmorpha abun-
dance and distribution, (2) measurement of natural mortality of D,
polvinorpha and 1dentification of likely predators. and (3) testing
the feasibility of biological control of D. polvmorpha by C. sapi-
dus and finfish in the Hudson River.

METHODS

Study Site

We conducted field experiments and collected samples on the
eastern shore of the Hudson River in the Tivoli Bays Region of
the Hudson River National Estuarine Research Reserve, NY
(42°05'N. 73°55'W) (Fig.1). The tidal freshwater habitat was ap-
proximately 160 km north of the mouth of the estuary. In this
region, the benthic environment of the Hudson was characterized
by large stones and cobbles covering a steeply sloping bottom that
reached over 20-m depths in some areas. The tdal range was
approximately 1.0 m, and underwater visibility was poor (<3 m)
during the study periods because of suspended particles.

Zebra Mussel Sampling

In the first component of this study. rocks were sampled by
SCUBA divers during June. July, and August 1993, and again n

August 1994, to examine the density and size structure of the zebra
mussel population. Divers collected rocks haphazardly by hand at
depths ranging from 3 to 20 m during the four sampling penods.
Rocks with attached mussels were transported to the laboratory in
padded coolers to minimize handling mortahity. We esumated ze-
bra mussel density on each rock by removing all live individuals
that fell within a 16-cm” plastic gnd placed on the rock’s surface.
Mussels were removed by pulling the byssal fibers from the sub-
strate surface with forceps. These mussels were counted, and their
shell lengths were measured to the nearest millimeter with Vernier
calipers. Six replicate rock samples were examined during each
month of the study, vielding 24 samples during the 1-y period.
Mean zebra mussel densities were used to estimate both inter-
annual and intra-annual mortality rates. Shell length data were
used to construct size-frequency distributions.

We conducted a series of five underwater transects in August
1993 to characterize the depth distribution of D. polyvmorpha at the
study site. Four random rock samples were collected using
SCUBA along depth profiles to determine density using the same
method as above. The four samples at each depth were located
along a marked transect line that was positioned by divers. A
random number table was used to select the four marks along the
line at which a rock would be taken. Densities reflect the average
number of animals per area of rock surface. not area of niver
bottom. At each collection site, a visual esimate of percent cov-
erage was also taken with a haphazardly placed circular gnd (25
cm in diameter). Samples were collected along a transect at in-
creasing depths (0.5-m increments) until 100% coverage was ob-
served at all four sample locations. Transects were conducted at
0.5-, 1.0-, 1.5-, 2.0-, and 2.5-m depths. These values were cor-
rected to reflect depth below spring low tide levels using published
tide tables.

Field Experiments

The second component of the study involved manipulative field
experiments conducted in late July and early August 1993. We first

m_ I em = 40 km

Hudson River

Albany Tivoli Bays
HENERR
42° N
West Point
Haverstraw

New York City

Figure 1. Map of study area in the vicinity of the Hudson River National Estuarine Research Reserve (HRNERR).
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measured mortality rates of D. polvmorpha due to predation.
Rocks with attached mussels were collected from the Hudson
River by divers and maintained in laboratory aquaria for 72 h to
ensure the health of experimental amimals. Zebra mussels that
actively siphoned water and closed their shells when agitated were
considered healthy. After this observation period, mussels were
removed from aquaria and placed in dissecting trays. We then
began removing mussels from the rock’s surface unul only 100
live zebra mussels remained attached. Mussels were first removed
from the outside surfaces of each rock so that each clump ot 100
mussels resembled a naturally occurring cluster. Sixteen of these
rocks with 100 attached mussels were then transported back to the
field and placed in enclosures for the experiment. Cages were
constructed of 2.5-cm plastic mesh, covered 1 m® of substrate, and
were (0.7 m tall. Sixteen cages were arranged in four rows of four
cages, with 1 m spacing between each, and treatments were inter-
spersed (Fig. 2). Each treatment was replicated eight times. Con-
trol treatments comprised fully enclosed cages protecting one rock
with 100 precounted mussels. Experimental cages were topless,
had only two sides, and thus exposed the experimental rock to
predation. After 14 days, the rocks were removed from the cages
and the surviving mussels were enumerated.

The final experiment used the same field enclosures and an-
other set of rocks with 100 precounted mussels prepared in the
same manner. In this trial. 18 interspersed cages were fully en-
closed and hard intermolt male blue crabs were introduced as
predators (Fig. 3). Six cages contained small crabs (60- to 80-mm
CW), and six cages contained large crabs (110- to 130-mm CW).
Six cages contained only rocks with 100 precounted mussels and
served as controls. After 72 h, crabs were removed and surviving
mussels were enumerated. Each blue crab was examined to con-
firm that it had survived the entire experimental period.

In both field experiments. the proportional mortality of D. poly-
morpha was calculated by subtracting the number of surviving
mussels from the original number of mussels and then dividing
that result by the original number of mussels. Differences between
treatments were analyzed by use of an analysis of variance
(ANOVA) model, with arcsine-transformed proportional mortality
as the dependent vanable and cage treatment as a fixed factor.
Scheffe’s test was used to examine contrasts among the three
treatments in the second field experiment. Data were examined for
normality and tested for homogeneity of vanance with an £,
test. (Sokal and Rohlf 1980).
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Figure 2. Configuration of cages for the first field experiment.
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Figure 3. Configuration of cages for the second field experiment.

Instantaneous per capita mortality rates (z) were calculated for
each period during the study using the esumated zebra mussel
densities. The rate was calculated by:

@
=5k No

i t

where the instantaneous rate (z) takes into account the original
number of mussels (N ) and the number of mussels (N,) surviving
some period of time (7). This rate (z) was also used to compare

zebra mussel mortality rates from the two caging experiments.

Identification of Potential Predators

We recorded over 8 h of underwater video using a Sony 8-mm
video recorder with remote waterproof cameras in August 1994,
The remote camera was anchored to the rocky substrate using large
concrete bricks and pointed at rocks covered with zebra mussels.
Poor underwater visibility limited the camera’s field of view to
approximately 1 m in all directions but did allow it to capture
images of fish swimming along the river’s bottom. Whenever pos-
sible, we 1dentified these fish to the lowest possible taxonomic
level.

Six baited crab pots were also fished near the study site during
periods of sampling and field experimentation (June. July, and
August 1993 and August 1994). These were checked daily for the
presence of blue crabs and rebaited when necessary.

RESULTS

The abundance of zebra mussels rapidly increased with increas-
ing depth and reached constant values less than 2 m below the
surface. Samples collected along depth transects beginning at the
spring low tide mark indicated a significant effect of depth (Fig. 4;
ANOVA, F = 13.88 df = 4.15. p < 0.0001). Abundance at the
shallowest depth (0.26 m) was significantly lower than at the four
deeper stations (Scheffe’s test, critical value = 1.329, p < 0.05).
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Figure 4. Depth distribution of mean D). polvimorpha density in the
Tivoli Bays region of the Hudson River. Lines connect bars that are
not significantly different,

and appeared to reach an asymptote in density at 0.6 to 1.6-m
depths (Fig. 4). Density values observed at the 1.6-m transect were
similar to those observed at deeper depths during subsequent sam-
pling.

Size-frequency distributions from 1993 (Fig. 5) revealed a
single cohort with no individuals exceeding 20 mm 1n shell length.
Mean shell length increased 24% over the 3-mo period from 9.83
mm in June to 11.51 mm n July, and to 12.19 mm 1n August.
Mean mussel density decreased from 4.40 individuals/cm” in June
to 3.69 individuals/cm~ in July. Mussel density continued to de-
crease from 3.69 individuals/cm” in July to 3.04 individuals/cm” in
August. The mstantaneous mortality rate (z) of zebra mussels dur-
mg the June to July period was 0.008/day and decreased to 0.005/
day during the July to August period.

Size-frequency distributions (Fig. 6) of zebra mussels sampled
from rocks 1n the Hudson River in August 1994 revealed a tnmo-
dal population composed of two year-classes. The first, centered
around 5-mm shell length, was composed of mussels that settled
either late in the fall of 1993 or early in the summer of 1994, The
second group. averaging around 20-mm shell length. most likely
settled in 1992, Overall, average mussel density was 1.96 mdi-
viduals/cm® of rock substrate. This indicated a ~35% decrease in
overall zebra mussel abundance during the 12-mo period from
August 1993 to August 1994, However, the density estimates from
1993 were based only on the population that was represented here
by the 2-y-old class. The average density of that year-class (1.18
individuals/cm~) represents a 61% decrease in zebra mussel abun-
dance.

Field Experiments

Mean zebra mussel mortality in the first manipulative experi-
ment was significantly greater (ANOVA, F = 1343, df = 1,14,
p < 0.0026) in the experimental treatments (Fig. 7). Mussels in the
closed-cage controls suffered less than 10% mortality over the
2-wk period. In the open cages, attached D. polymorpha expen-
enced 24% mortality. The resulting 14% mortality was attributed

25.0%

20.0% =

15.0%

10.0%

% of sample

56 7 8 9101112131415161718

B July

% of sample

26 78 910111213 1415161718

25.0%

2005 -
15.0% +

10.0% - B August

%o of sample

53.0% -

0.0%

|
56 78 2 101112131415161718

shell length (mm)

Figure 5. Size-frequency distributions of D. polymorpha in the Tivoli
Bays region of the Hudson River in 1993,

to the effects of local predators. Zebra mussels in the open cages
experienced an instantaneous mortality rate of 0.013/day during
the experiment.

The introduction of male blue crabs produced higher mortality
rates in the second field experiment. Large blue crabs consumed
nearly 40% of the prey in 72-h trials (Fig. 8), correcting for the
0% mortality in the controls during the trial period. The control

% of sample

-
|

g 2z &4 6 ® A 204 16 13200022 24 35 28

shell length (mm)

Figure 6. Size-frequency distributions of D. polymorpha in the Tivoli
Bays region of the Hudson River in 1994,
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mortalities in this experiment were similar to those in the first field
experiment and were attributed mainly to the handling and trans-
port of mussels between the field and laboratory. Although the
effect of the crab treatments was highly significant (ANOVA.F =
19.21, df = 2.15, p < 0.0001), mussel mortalities did not ditter
significantly between large and small crab treatments (Scheffe s
test. critical value = 0.169, p > 0.05). Corrected nstantaneous
mortality rates (z) indicated that mortality rates were an order of
magnitude higher in those treatments containing blue crabs than in
those exposed to natural predators (Table 1).

Potential Predators

Approximately 8 h of 8-mm underwater videotape revealed
several fish species occupying the benthic habitat of the Hudson
River (Table 2). French (1993) reported that several of these spe-
cies were capable of consuming bivalves such as zebra mussels.
Consumption of mussels by pumpkinseed, Lepomis gibbosus, was
observed in the video, as well as in the field, by divers on several
occasions. Baited crab pots fished during sampling periods in 1993
and 1994 caught no blue crabs. Blue crabs were neither observed
during video monitoring nor seen by divers during the study pe-
rod.

DISCUSSION

The spread of the zebra mussel into the Hudson River Estuary
was predicted by Strayer and Smith (1993) and has been well
documented. Mussels at the Tivoli site were found at very lmgh
densities on hard substrata and were differentially distributed with
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Figure 8. Mean proportional mortality of D. polymorpha in control,
small crab, and large crab treatments. Asterisk denotes significant
difference. Bar denotes nonsignificant difference.

depth. The distribution of increasing mussel density with depth
was consistent with the hypothesis that physical factors (e.g., des-
iccation, ice scour) restrict the upper limit of the vertical abun-
dance of D. polymorpha in the Hudson River Estuary. Zebra mus-
sels have been reported in the intertidal region of the St. Lawrence
Estuary (Mellina and Rasmussen 1994), but no exposed mussels were
observed in this study. Mussels at the shallowest depths (<0.5 m)
were most often found in sheltered areas, on the vertical surfaces
of rocks or in crevices.

Zebra mussels in European lakes and large rivers occur at den-
sities near 3.000 mussels/m” (Bij de Vaate 1991). The densities
reported here (-30.000 mussels/m”) are well within the ranges
observed in North American waters (Dermott and Munawar 1994).
Size-frequency distributions of D. polymorpha in the Hudson
River indicated that the population was composed of a single co-
hort spawned the previous year (Jenner and Janssen-Mommen
1993). Given the planktonic larval stage of the mussel, the likely
parental population was several kilometers upriver of the Tivol:
Bays site (Strayer et al. 1993).

We estimated the natural mortality of zebra mussels from both
field sampling and predator-exclusion experiments, In the first
case, mussels experienced instantaneous mortality rates of 0.008/
day from June to July and 0.005/day from July to August. These
estimates were lower than those observed in the predator-exclusion
experiment (0.013/day). The higher mortality rates associated

TABLE 1.

VMean zebra mussel mortalities summarized from 1993
field experiments.

Instantaneous
Mortality
Condition Technigue Rate/Day
Natural predators Size-frequency analysis 0.007
Field experiments, exposed 0.013
Small blue crabs Predator enclosures 0.119
Large blue crabs Predator enclosures 0.185
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supporting a small commercial fishery in some years (Stein and
Wilson 1992). In this study, no crabs were caught in several baited
traps, and local fishermen indicated that there were few blue crabs
in the middle portion of the Hudson River in 1993 and 1994,
Hence. biological control of the zebra mussel in the Hudson River
caused by blue crab predation is unhikely.

In conclusion, D. polvmorpha will not be regulated by the local

predator guild in the Hudson River unless predator abundance
increases significantly. This conclusion is supported by the recent
estuary-wide investigation by Strayer et al. (1996), which points to
competition for food resources as the most important regulatory
mechanism in the Hudson River. In particular. the blue crab is
capable of controlling zebra mussel abundance 1if the predator
abundance increases to levels approximating 0.1-1.0 crabs/m”,
depending on crab size. Localized extinctions of zebra mussels
within a 100-day growth season, like those observed by Molloy et
al. (1994), are possible at these crab densities, given the rates of
predation measured in this study (Fig. 9). It is not yet known if
blue crab populations reach this level in the Hudson River. Such
densities are common in other estuaries, such as Chesapeake Bay,
and indicate that the zebra mussel may be regulated in estuaries
near the southern limit of its predicted range, where blue crabs are
more abundant.
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