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Abstract The zebra mussel Dreissena polymorpha was 
introduced to North America during the mid-1980s, and 
is now a dominant member of many benthic communi- 
ties in the lower Great Lakes. In this study, I explored the 
abundance, biomass, size structure and settlement of 
Dreissena inhabiting rocks along a wave-swept distur- 
bance gradient near Middle Sister Island in western Lake 
Erie. Ten rocks were collected from quadrats at six sites 
along each of three transect lines oriented perpendicular 
to shore. Occurrence, abundance and biomass of Dreiss- 
ena on smaller, movable rocks were positively associated 
with rock distance from shore (-lake depth) and with 
rock area; rocks at nearshore sites supported little, if any, 
Dreissena, whereas those at offshore sites were heavily 
colonized. Mussel size distributions also differed in rela- 
tion to shore distance. Large mussels (>19 mm) were un- 
derrepresented or absent on rocks collected at nearshore 
sites, but were overrepresented at offshore locations (_>37 
m). Settlement of larval mussels on settling pads was 
positively correlated with distance offshore and with 
time of exposure, though settlement was substantial even 
at a nearshore (10 m) location. Area-adjusted mussel dry 
mass increased more rapidly with distance offshore on 
large than on small rocks. Large rocks also required 
more force to displace and were significantly less likely 
to be disturbed when transplanted at the study site. Re- 
suits from this study indicate that occurrence, abundance 
and size structure of Dreissena in nearshore waters of 
Lake Erie correspond with the frequency of habitat dis- 
turbance, though other factors including food limitation 
and larval supply may also contribute to these patterns. 
These patterns complement studies that established the 
significance of physical disturbance in other aquatic sys- 
tems. 
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Introduction 

A central goal of ecology is to understand factors that af- 
fect species distributions, and population and community 
structure. During the 1970s, ecologists recognized that 
populations and communities could be profoundly af- 
fected by disturbance (sensu Sousa 1984). Effects of 
physical and biological disturbance have been estab- 
lished for a diverse array of ecosystems, though most no- 
tably in nearshore marine communities. For example, se- 
vere storms during 1990 destroyed 45 of 94 Mytilus 
eduIis beds in the Wadden Sea (Nehls and Thiel 1993). 
Populations protected by islands survived storms, where- 
as those in exposed areas were devastated. Interspecific 
interactions may alter exposure to and effects of physical 
disturbance. A series of studies have documented that in- 
faunal bivalves fouled by macroscopic algae experience 
increased drag and are more susceptible to dislodgement 
than unfouled conspecifics (Witman and Suchanek 1984; 
Black and Peterson 1987; Inglis 1994). Other studies 
have revealed that marine mussel populations are also 
impacted by drift logs, ice scour, and wave shear and lift 
(Dayton 1971; Paine and Levin 1981; Denny etal. 
1985). 

Most documented examples of disturbance in fresh- 
water environments have addressed stream flooding 
(Resh et al. 1988). However, large waves may build on 
large lakes and affect littoral populations. For example, 
Barton and Hynes (1978a) reported that the fauna at 
wave-swept sites on Great Lakes shorelines was charac- 
teristic of lotic environments, in contrast to lentic-type 
taxa found at adjacent, less-exposed, deeper sites. 

Following its introduction to Lake St. Clair in 1985 or 
1986, zebra mussel (Dreissena polymorpha) distribution 
expanded rapidly to include all of the Great Lakes, some 
inland lakes, and many river systems in temperate, east- 
ern North America. The species is one of the most suc- 



cessful invaders in the Great Lakes, and achieves densi- 
ties greater than 100,000 individuals/m 2 on rock substrate 
in western Lake Erie (MacIsaac et al. 1992). Dense popu- 
lations inhabit most solid, benthic substrates, including 
the rocky shelf and boulder field adjacent to Middle Sis- 
ter Island, Ontario (Fig. 1). Despite its invasion success, 
scant information exists regarding determinants of spatial 
and size distributions of zebra mussel populations in 
North America. In this study, I assess the distribution, 
abundance and size structure of Dreissena on rocks along 
a wave-swept disturbance gradient near Middle Sister Is- 
land. I also assess mussel settlement on artificial sub- 
strates to determine whether distribution and abundance 
patterns of adult Dreissena result from variation in larval 
supply in the nearshore environment. This is an excellent 
system with which to establish the significance of distur- 
bance because of the diminished importance of other fac- 
tors (e.g. predation, interspecific competition) that often 
confound disturbance assessments in marine systems 
(Dayton 1971; Paine 1974; McGuiness 1987; Menge and 
Sutherland 1987; McGrorty et al. 1990). 

Methods 

Study site 

The study was conducted in western Lake Erie off the north shore 
of Middle Sister Island, a small (0.1 km2), dolomite outcrop locat- 
ed about 15.7 km from the Canadian mainland (Fig. 1). The is- 
land's major axes are exposed to winds from the northwest and 
southeast. The lake bed slopes gently off the north shore of the is- 
land, achieving a maximum depth of 9.5 m in the open lake be- 
tween the island and the mainland. Much of the lake bed adjacent 
to the island is covered with cobble. The island supports mixed de- 
ciduous forest and herring gull (Larus argentatus) and great blue 
heron (Ardea herodias) breeding colonies. Windrows of D. poly- 
morpha shells fringe the island coastline, particularly along the 
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Fig. I Location of Middle Sister Island in western Lake Erie, site 
of Dreissena population survey. Three transect lines were located 
off the north shore of  the island 
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western border. Solid substrates adjacent to the island are heavily 
colonized by zebra mussels, except in very shallow water. Rocks 
in shallow water are colonized by the diatom Fragilaria capucina 
and the macroalga Cladophora glomerata (personal observation). 

Rock size distributions and disturbance history 

Three transect lines, set 25 m apart and perpendicular to shore, 
were established using SCUBA on 28 July 1994. Along each line, 
water depth was measured at each of six sampling sites spaced 10 
m apart between 7 and 57 m from shore. A 1-m 2 qua&at was 
dropped from the lake surface at each sampling site to establish 
sampling sites. Ten rocks, selected to include a spectrum of size 
classes but without regard to intensity of Dreissena colonization, 
were collected from each quadrat. Large rocks (i.e. >3 1 volume) 
were excluded from the initial survey owing to difficulty in collec- 
tion. The mass required to overturn rocks (i.e. displacement force) 
was estimated to the nearest 56 g or 907 g using either 2 or 22 kg 
capacity spring scales (Sousa 1979). Displacement mass was de- 
termined by placing a sling around the rock distal to the scale, 
which was pulled parallel to the lakebed in a shoreward orienta- 
tion. Rocks were placed in labelled bags, sealed and brought to the 
surface, whereupon mussels were cut off, placed in labelled bags 
and stored in ice chests. Rock volume and surface area were re- 
spectively measured in the laboratory by displacement and by 
wrapping exposed surface area with aluminum foil. Foil mass was 
determined to the nearest 1 mg and converted to surface area by 
comparison to foil mass of known surface area (see Reice 1980). 

Two additional surveys were conducted during 1995 to assess 
rock size distributions and relationships between rock size and 
mussel abundance. A complete survey of rock size distributions 
was conducted on 1 August 1995 by randomly placing a 2.5-m ~ 
quadrat at each of the 7-57 m sites adjacent to the 1994 centre 
transect. Mussels were cut from rocks prior to surface area mea- 
surements. Surface area of small rocks was determined in the lab- 
oratory using the foil method. Rocks that were too large to be re- 
moved were wrapped in foil underwater; foil was placed in la- 
belled bags and dried and weighed in the laboratory. 

A second survey was conducted at the Middle Sister Island site 
on 7 August 1995 to determine relationships between density of 
mussels, rock size and distance from shore. Only rocks deemed too  
large (>3 1 volume) to have been collected during the 1994 survey 
were considered. Mussel density on large rocks (3-5 1 volume) and 
boulders (>5 1 volume) was visually assessed by two SCUBA div- 
ers along parallel, 2.5-m wide transects running 7-57 m from 
shore. The percent rock surface area colonized by Dreissena was 
classified as none, low (<50% coverage) or extensive (>50%). 

The effect of rock size and distance from shore on the proba- 
bility of disturbance was examined using "small" and "large" 
rocks from the 1994 survey. To ensure that rocks within categories 
were as similar in size as possible, rocks were sorted by volume. 
Volumes of small (89-223 cm 3) and large (840-1880 cm 3) rocks 
were among the smallest and largest collected during the 1994 sur- 
vey. One half of each rock was painted fluorescent orange, the oth- 
er half fluorescent yellow. Five randomly selected rocks of each 
size class were transplanted to each of the sites (7-57 m) along the 
center transect line on 12 August 1994. Large and small rocks 
were placed on flat lake bed 0.3 m apart, parallel to shore, in an al- 
ternating arrangement with orange surfaces oriented up. SCUBA 
assessments of positions were made on 24 August and 20 Septem- 
ber 1994. Rocks were considered disturbed if they had been over- 
turned or displaced laterally. Shortly after rocks were transplanted, 
western Lake Erie was subject to intense summer storms with 
westerly wind gusts to 57 km/h (Environment Canada, Downs- 
view, Ontario, personal communication). 

Sample processing 

Dreissena samples collected from rocks during the 1994 survey 
were thawed in the laboratory and sequentially passed through 4-, 
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2-, 1- and 0.25-ram sieves. Sieve contents were placed in 1 1 of 
water in sorting trays. Dreissena shell fragments, macroalgae, ani- 
mals (particularly amphipods) and other debris were removed 
from the tray containing mussels retained on the 4-ram grid. 
Dreissena from other sorting trays was combined with that fi'om 
the 4-mm grid. A complete census was conducted if fewer than 75 
individuals were present. Samples containing more than 75 indi- 
viduals were subsampled; following thorough mixing of tray con- 
tents and working in a straight line running diagonally from a tray 
corner, a sample was obtained for mussel size distribution by col- 
lecting the first 75 individuals encountered. Repeated subsampling 
(with replacement) indicated that this procedure provided unbi- 
ased and precise estimates of population structure. Right valve 
length was measured to the nearest 0.1 mm for individuals >_5 mm 
using vernier calipers; length of smaller individuals was measured 
to the nearest 0.03 mm using a dissecting microscope - videomon- 
itor projection system. Wet mass of Dreissena inhabiting individu- 
al rocks was determined to the nearest 1 mg by placing mussels on 
preweighed and tared aluminum foil. Dry mass was determined 
following exposure of samples in a drying oven at t00 ~ C for 48 h. 
Wet and dry mass were highly correlated (Pearson's r=0.97). Total 
biomass of Dreissena on each rock was allocated to different size 
classes as: 

Abundance x Biomass 
Dry mass, = Population mass • j ~ 

Abundance x Biomass  
a= l  

where dry mass a is biomass of size class a, population mass is to- 
tal mussel dry mass on the rock, andj  is the number of mussel size 
classes. Dry mass a was estimated based on the relative abundance 
of size class a in the subsample and the allometric relationship be- 
tween mussel size and biomass; biomass a was determined by non- 
linear regression of dry biomass on right valve length using 
Dreissena collected from 3 m depth adjacent to the center transect 
on 12 August 1994. Mussel dry biomass (shell+tissues; DM) was 
highly correlated with right valve (SL) length [DM=e( ~-62+0.17 s~; 
r=0.94]. 

Total mussel abundance on each rock was estimated for sam- 
ples where abundance exceeded 75 individuals as: 

total biomass 
Total abundance = 75 x 

subsample biomass 

Total abundance was allocated to individual size classes based on 
relative abundances in the subsample. Three Dreissena samples 
that had been damaged during processing were deleted from ana- 
lyses. 

The relationship between Dreissena biomass, adjusted for rock 
area, and disturbance frequency was explored using rocks and 
mussels from the rock transplant experiment conducted during 
1994. Large and small rocks were assigned to one of five distur- 
bance categories depending on the percentage (0, 20, 60, 80, 
100%) of small and large rocks disturbed at each distance from 
shore following 39 days exposure (see Fig. 3b). This procedure fa- 
cilitated an examination of disturbance effects with minimum con- 
founding by rock size and location from shore. 

Dreissena settlement and food supply 

The availability of settling larvae and postmetamorphic Dreissena 
available for recruitment to nearshore substrates was assessed by 
suspending white, nylon scouring pads (Fireco/Washrack Co., 
Mississanga, Ontario) 15 cm above the lake bed on 9 August 
1995. Three sets of brick-pads were deployed at each of three lo- 
cations (10, 30, 57 m) off the north shore of Middle Sister Island. 
Pads were 132 cm 2 and about 0.7 cm thick, and were suspended in 
pairs above brick anchors by small styrofoam floats with 20 lb 
monofilament line. Floats ensured that pads were erect and fully 
exposed to local water currents, though one replicate (30 m, 5 
days) was discarded after the float was lost and the pad was ob- 
served on the lake bed. Individual pads were retrieved from each 
brick following either 2 or 5 days exposure, gently placed and 

sealed in plastic bags, and stored on ice. In the laboratory, pads 
were individually exposed to a strong stream of tap water for 1 
min per side to dislodge settled mussels (Martel 1993). Pads were 
observed under a dissecting microscope to ensure that all settled 
mussels had been dislodged. Mussels that had been washed free 
were recovered on 70-gm mesh and preserved in a 4% sugar-for- 
malin solution. Because large numbers of mussels settled on the 
pads, total settlement was estimated by three replicate subsamples, 
with replacement (see MacIsaac et al. 1992). 

The amount of food (chlorophyll a) available to larval and 
adult Dreissena was estimated by collection of water samples 
from each of the three sites at which settlement was investigated. 
Three 2-1 samples were collected 21 cm above the lake bed at each 
site on 5 September 1995. Samples were processed through 0.8 
gm membrane filters (Gelman Sciences) and analysed for chloro- 
phyll a using the methodology of Lind (1979). Sprung and Rose 
(1988) determined that D. polymorpha could retain particles as 
small as 0.7 p.m, though with low efficiency. 

Statistical analysis 

Variation in rock volume and rock area in relation to distance from 
shore for both 1994 and 1995 surveys were assessed using analys- 
es of variance. Relationships between disturbance force and rock 
area and rock volume were examined using Pearson's product-mo- 
ment correlations. Numbers of small and large transplanted rocks 
that had been disturbed at each location from shore by 20 Septem- 
ber 1994 (39 days) were compared using a paired t-test. This test 
utilized paired disturbance frequencies of large and small rock at 
each distance from shore. 

Abundance and dry biomass of Dreissena inhabiting rocks was 
explored using ANCOVA, with transect lines as blocks and dis- 
tance from shore and rock surface area as covariates. Initial mod- 
els revealed no significant interactions between transect lines and 
shore distance or between transect lines and rock area for either 
mussel abundance or dry mass; thus, these terms were dropped in 
models presented herein. Differences in dry biomass at different 
distances from shore were analysed using Scheff~'s means test. 
Rock surface area was used in statistical analyses rather than vol- 
ume, though the variables were highly correlated. Mussel abun- 
dance and dry mass were ln(x+l)-transformed prior to analysis to 
stabilize variance. 

Log-linear categorical modeling was used to explore whether 
mussel abundance varied in relation to transect line, shore distance 
and mussel size class (Sokal and Rohlf 1981). Log-linear models 
assess structural relationships (i.e. interactions) in multiway con- 
tingency tables. The significance of individual model terms is ex- 
amined by testing differences in expected and observed frequen- 
cies using goodness-of-fit G-tests. Testing begins with fully satu- 
rated, complex models (i.e. all interactions and main effects), and 
progresses to lower-order, non-redundant models in the absence of 
three-way interactions (Sokal and Rohlf 1981). Prior to analysis, 
four mussel size classes were constructed by summing mussel 
abundances in 1-6, 7-12, 13-18, and >19 mm size classes; this 
treatment of data was necessary to eliminate mussel size classes 
with expected frequencies of zero. Abundance values for each size 
category were adjusted for rock area, and supplemented by 0.1. 
Because the saturated (i.e. three-way interaction) log-linear model 
was significant, effects of shore distance and size class were as- 
sessed separately for each transect line using log-likelihood ratio 
goodness-of-fit tests (Zar 1984). 

Analysis of covariance was used to test whether Dreissena bio- 
mass on small and large rocks varied systematically by distance 
from shore. Dry biomass was adjusted for rock area and trans- 
formed as ln(x+l) for the ten smallest and ten largest rocks at each 
depth. Distance from shore was considered as a covariate and rock 
size (small, large) as a categorical variable. 

The effects of distance from shore and time of exposure (2 vs. 
5 days) on mussel settlement was assessed by two-way ANOVA 
with interaction. The number of settled mussels per square centi- 
meter on pads was ln(x+l)-transformed prior to analysis. Chloro- 



phyll a concentration was ln(x + 1)-transformed and analysed in re- 
lation to shore distance using ANOVA. 

Results 

Rock distributions 

Lake depth increased progressively with distance from 
shore, though differences between 47- and 57-m sites 
were minor (Table 1). Rocks selected from sites different 
distances from shore (+depths) for the 1994 survey were 
similar with respect to mean volume and surface area 
(ANOVAs, P>0.05; Table 1). Overall size distributions 
of rocks at 7 and 37 m were, however, significantly 
smaller than those at the 57-m site (Kolmogorov-Smir-  
nov tests, P<0.02; Fig. 2). 

Two lines of  evidence indicate that disturbance force 
was proportional to rock size. In the 1994 Dreissena sur- 
vey, disturbance force was positively correlated with 
rock surface area (r=0.80) and with rock volume 
(r=0.86). Moreover, transplanted small rocks were dis- 
turbed at a significantly higher rate than large rocks 
(paired t-test, t=3,5, df=5, P<0.02; Fig. 3). Disturbance 
gradients differed for transplanted large and small rocks, 

Table 1 Mean depth, rock volume and surface area, and mussel 
abundance and dry mass on rocks in relation to distance from 
shore for 1994 study sites at Middle Sister Island. Numbers in pa- 
rentheses represent 1 SEM 

Distance Mean Mean rock Dreissena 
from depth (m) 
Shore area (cm 2) volume abundance dry mass 
(In) (cm 3) (Ind. rock -1) (g rock 1) 

7 0.8 (0.0) 586 (61) 492 (66) <1 (<1) <1 (<1) 
17 1.5 (0.0) 576 (90) 583 (123) 70 (20) 8 (2) 
27 2.0(0.0) 469 (54) 452 (89) 245 (48) 28 (5) 
37 2.3 (0.1) 467 (52) 414 (59) 283 (43) 34 (6) 
47 2.7 (0.1) 466 (58) 510 (91) 338 (54) 46 (8) 
57 2.8 (0.0) 612 (79) 673 (136) 482 (63) 58 (8) 

0.4] �9 7m 
[] 37m 

0.3 [] 57 m +o+ll+ + + 
0.'I 

0.0. 
150- 201-" 401- 601- 801- 1001-'2001-'>3006 
200 400 600 800 1000 2000 3000 

Rock Size (r 2) 
Fig. 2 Size distributions of all rocks at sites 7, 37 and 57 m from 
shore from the 1995 survey. Large rocks (>3 1 volume) constitute a 
small fraction of rocks and were found only at the offshore sites 
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however. Small rocks were disturbed at all but the deep- 
est site, whereas large rocks were disturbed only at the 
two shallowest sites. Disturbance of both rock size class- 
es tended to increase with exposure time (Fig. 3). 

Dreissena population structure 

Dreissena abundance, biomass and size structure were 
significantly related to distance from shore and rock sur- 
face area (Tables 1, 2). Dreissena inhabited only 27% of 
rocks (<3 1 volume) at the shallowest site, at a mean den- 
sity of  0.4 individuals rock. By contrast, mussels were 
found on all but one rock (27 m) at greater depth. Mussel 
abundance increased progressively with increasing dis- 
tance from shore (Table 1). These patterns are consistent 
with results from the 1995 survey of larger rocks. Both 
large rocks and boulders were extensively inhabited by 
Dreissena at sites >30 m from shore (Fig. 4). The inten- 
sity of habitation was lower at inshore locations on both 
rock classes, was nonexistent on 60% of large (3-5 1 vol- 
ume) rocks at the 7 m site, but was present on the sole 
boulder (>5 1) at that site (Fig. 4). Mussel biomass was 
also affected by an interaction between distance from 
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Fig. 3 Proportion of small (open) and large (solid) transplanted 
rocks disturbed (laterally displaced or overturned) following expo- 
sure for 12 and 39 days at Middle Sister Island 

Table 2 Results of ANCOVA models exploring effects of transect 
line (site), distance from shore (distance) and rock area (area) on 
mussel abundance and biomass 

Dependent variable Predictors df F P 

Abundance Site 2,171 <1 0.7716 
Distance 1,171 81 <0.0001 
Area 1,171 10 0.0021 
Distance area 1,171 <1 0.4828 

Biomass Site 2,171 <1 0.6134 
Distance 1,171 60 <0.0001 
Area 1,171 9 0.0033 
Distance area 1,171 6 0.0183 
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Fig. 4 Extent of Dreissena colonization of large rocks (3-5 1 vol- 
ume; upper panel) and boulders (>5 1 volume; lower panel) based 
on SCUBA surveys. Colonization intensity was classified as ex- 
tensive (solid), low (hatched) or absent (stippled). Only one boul- 
der was encountered at the 7-m site 
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Fig. 5 Dreissena dry mass on rocks in relation to rock surface ar- 
ea (1994 survey). All rocks with surface area >900 cm 2 and 
Dreissena dry mass <50 g rock -1 were from nearshore sites 

shore and rock size (P=0.0183).  For  example, even 
though biomass increased with rock surface area (Fig. 5), 
large rocks f rom shallow (_<1.7 m depth) sites supported 
little Dreissena biomass. Total Dreissena biomass on in- 
dividual rocks increased significantly f rom inshore- to 
midshore (2.0-2.3 m depth) sites and f rom midshore to 
offshore (2.8 m depth) sites (Scheffd's  test, ~=0.05;  Ta- 
ble 1). Total dry biomass per quadrat (10 rocks) averaged 
<102 g at nearshore sites, between 155 and 572 g at mid- 
shore sites, and >500 g at all offshore sites. 

Dreissena size structure varied in relation to distance 
f rom shore (Fig. 6). Rocks  at each of  the sites >27 m 
f rom shore supported mussels  between 26 and 30 m m  
(Fig. 6). By  contrast,  the largest individuals encountered 
at the 7 m and 17 m sites were 16 and 22 ram, respec- 
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Fig. 6 Mean (+SE) abundance of Dreissena size classes in rela- 
tion to site distance from shore. Data from 1994 survey 

Table 3 Results of log-linear test (upper) of mussel size-frequen- 
cy distributions in relation to distance from shore (distance), mus- 
sel size class (size), and transect line (transect). Relationships be- 
tween distance and size were explored for each transect line (low- 
er) using log-liklihood ratio tests. Mussels were classified into 
four size categories prior to analyses 

Dependent Model tested G df P< 
variable 

Abundance Distance size transect 181.80 30 0.001 
Distance site 

Abundance Transect 1 53.78 15 0.001 
Transect 2 154.28 15 0.001 
Transect 3 45.67 15 0.001 

tively. Mussel  s ize-frequency distributions varied by 
both distance f rom shore and by transect (Table 3). 
Large  mussels (>19 mm) were overrepresented at six o f  
nine offshore (>37 m) locations, and underrepresented 
at eight of  nine inshore locations (_<27 m; Fig. 6). Abun-  
dance o f  individuals between 13 and 18 m m  were over- 
represented at the 27 and 47 m sites for  transect 1 and 2, 
respectively. Abundance  o f  individuals between 7 and 
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Fig, 7 Mean (+SE) biomass contributions of each Dreissena size 
class in relation to site distance from shore. Data from 1994 sur- 
vey 

12 mm was underrepresented at 37 m for the same tran- 
sect. 

Biomass distributions differed considerably from 
abundance counterparts owing to the allometric relation- 
ship between mussel shell length and dry mass. Mussels 
_>19 mm were major biomass (Fig. 7) but not abundance 
(Fig. 6) contributors at mid- and offshore sites. Mean in- 
dividual biomass increased slightly but insignificantly 
(P>0.05) with distance from shore, from 103 mg at the 7 
m site, to between 110 and 131 mg at sites _>27 m from 
shore. 

Dry Dreissena biomass, adjusted for rock area, varied 
in relation to shore distance (F=143, df=-l, 116, 
P<0.001), by an interaction between shore distance and 
rock size (F=6, df=l, 116, P=0.016), but not by rock size 
class (F<I, df=l, 116, P=0.988) (Fig. 8). Area-adjusted 
biomass increased with distance from shore for both 
large and small rocks, though at a slightly higher rate for 
the former (Fig. 8). These patterns correspond with dis- 
turbance frequencies of large and smaI1 rocks at different 
locations (Fig. 9). For example, mussel mass adjusted for 
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Fig. 8 Mean (+SE) Dreissena dry mass for the 10 largest and 10 
smallest rocks in relation to distance from shore. Biomass values 
are adjusted for rock surface area 
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turbance rate for large and small rocks used in the transplant study 
(see Fig. 3). Relative disturbance rates are based on the proportion 
of rocks disturbed following 39 days exposure, irrespective of rock 
size. The highest relative disturbance rate has eight overlapped 
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Fig. l0  Settlement of Dreissena (<l ram) on 132-cm 2 scouring 
pads deployed for 2 or 5 days off the north shore of Middle Sister 
Island during August 1995 (upper panel). Food availability at 
mussel recruitment sites (lower panel). Bars with the same letter 
are not significantly different (c~=0.05) 
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rock area was inversely related to disturbance. Variation 
in area-adjusted biomass also tended to increase as dis- 
turbance frequency declined. 

Dreissena settlement and food supply 

Dreissena larvae settled extensively and rapidly on all 
scouring pads deployed off the Middle Sister Island 
coast during August 1995 (Fig. 10). Settlement intensity 
was affected by the duration of exposure (/7=28, df=-l, 
11, P=0.003) and by distance from shore (F=5, df=2, 11, 
P=0.033), but not by an interaction between these factors 
(F=I, df=2, 11, P=0.481). Mean settlement was highest 
on pads deployed for 5 days at the 57 m site, and lowest 
on pads deployed for 2 days at the most shoreward site 
(Fig. 10). Patterns of food availability parallel those of 
mussel settlement. Near-bottom chlorophyll a concentra- 
tion was low (<5 gg 1-1) at each site, though significant 
differences were observed among sites (F=20, df=2, 6, 
P=0.002; Fig. 10). Chlorophyll a concentration was low- 
er at inshore sites (10, 30 m) than at the offshore site 
(Scheff6's test, c~=0.05; Fig. 10). 

Discussion 

Biological interactions may influence species distribu- 
tions only within the constraints imposed by species-spe- 
cific dispersal capabilities and tolerance of ambient con- 
ditions. Accordingly, intolerance of physical conditions 
or inability to disperse to suitable habitats may restrict 
species distributions. Transport of zebra mussels to the 
Great Lakes in freighter ballast water circumvented the 
dispersal barrier imposed by the Atlantic Ocean. Once 
established in North America, the mussel utilized an ar- 
ray of natural and human-mediated mechanisms to ex- 
pand its distribution (see Griffiths et al. 1991). To date, 
few factors have been identified that limit local distribu- 
tions of Dreissena. Results of this study demonstrate that 
the frequency of habitat disturbance appears to govern 
the biomass, abundance and size structure of Dreissena 
in an exposed rocky area. 

Zebra mussels inhabit most hard substrates in all but 
the shallowest sites adjacent to Middle Sister Island. In 
relatively shallow water (-1 m), mussels are typically 
found in bedrock crevices or attached on lateral surfaces 
of rocks, orientations that afford some protection from 
breaking waves. Dense mussel colonies inhabit silt sedi- 
ments at deeper (~9 m) sites in the basin, though not at 
contiguous, shallower (4 m) sites with similar sediment 
type (A. Bially, personal communication). Disturbance 
appears to limit distributions to deep water where turbu- 
lence is less prevalent because mussels on soft sediment 
lack structural support for byssus attachment other than 
that provided by conspecifics. These patterns comple- 
ment those observed on hard substrates in much shal- 
lower water where turbulence is much greater (Figs. 5, 
6). 

Mussel biomass, adjusted for rock surface area, in- 
creased more rapidly with distance from shore on large 
than on small rocks (Fig. 8). This pattern is consistent 
with the higher disturbance frequency of small rocks at 
all but the deepest site (Fig. 3), and with the findings of 
Osman (1977), who reported that disturbance frequency 
was inversely proportional to rock size and intertidal 
depth. Moreover, dislodgement of marine bivalves with 
direct or indirect exposure to flow has been shown to in- 
crease with declines in their mass (Witman and Suc- 
hanek 1984; Black and Peterson 1987). The mechanism 
by which mussels are excluded from very shallow water 
was not identified in this study, though the convergence 
of area-adjusted biomass on large and small rocks sug- 
gests that a common factor affects all rocks equally in 
shallow water (Fig. 8). 

Mussel size distributions varied in relation to distance 
from shore largely because of differences in abundances 
of large (_>19 mm) individuals at shallow- and deep-wa- 
ter sites. The absence of large mussels from the sites 
nearest shore (Fig. 6) parallels patterns for Mytilus calif- 
ornianus at an intertidal site in Washington State, where 
only small individuals were observed at the upper distri- 
bution limit (Paine 1974). These patterns are also consis- 
tent with hydrodynamic models of wave effects on bi- 
valve molluscs. Denny et al. (1985) reasoned that accel- 
eration of water in breaking waves has a disproportionate 
effect on large mussels, limiting populations in the high 
intertidal to smaller size classes. Colonization of near- 
shore sites by large mussels could occur if offshore indi- 
viduals were dislodged and transported by storms (Le- 
wandowski 1976; Lewandowski and Staficzykowska 
1986). However, mussels' ability to produce byssal 
threads is diminished when exposed to high vibration 
levels, as in wave-swept zones, thereby rendering in- 
dividuals vulnerable to further displacement (R. 
McMahon, personal communication). 

Mussel abundance distributions indicated recruitment 
of young-of-year (<5 mm) individuals at each nearshore 
site (Fig. 6). These distributions are consistent with re- 
cruitment patterns in western Lake Erie during 1993. 
Settled postveligers that were first observed on settle- 
ment plates on 22 June 1993 had reached maximum siz- 
es of between 4 and 10 mm by 19 July and 5 August 
1993, respectively (J. Leach, personal communication). 
Similar Dreissena size distribution patterns were also ob- 
served near Middle Sister Island during 1989 (Griffiths 
et al. 1991). 

Marine studies, particularly those conducted on inter- 
tidal systems, have demonstrated that population and 
community structure may be influenced by a combina- 
tion of factors including physiological stress, predation, 
competition, biofouling, and disturbance by ice scour, 
sand burial, or wave action (Dayton 1971; Paine 1974; 
Witman and Suchanek 1984; Black and Peterson 1987; 
McGuiness 1987; Menge and Sutherland 1987; McG- 
rorty et al. 1990; Inglis 1994). Disentangling the respec- 
tive contributions of these mechanisms can be an ardu- 
ous though necessary task to comprehend determinants 



of population or community structure (Underwood and 
Dentey 1984). A variety of alternative mechanisms may 
have contributed to observed biomass and size structure 
patterns at Middle Sister Island. These mechanisms in- 
clude predation by waterfowl or fish, lack of competent 
larvae, settling inhibition at inshore sites, food limitation 
or ice scour. Migrant waterfowl including lesser scaup 
(Aythya affinis), greater scaup (A. marila) and buffiehead 
(Bucephala clangula) have been reported to feed on 
Dreissena in western Lake Erie (Wormington and Leach 
1992; Hamilton etal. 1994). Waterfowl predation can 
significantly reduce mussel biomass during autumn stag- 
ing (Hamilton et al. 1994), but is unlikely to produce the 
abundance and size distribution patterns observed at 
Middle Sister Island for four reasons. First, despite re- 
ducing Dreissena biomass by 57%, duck predation had 
no effect on mussel abundance near Point Pelee, Ontario 
(Hamilton et al. 1994). Second, ducks preferred mussels 
between 11 and 19 mm (Hamilton et al. 1994), the same 
size classes that were present at all depths in this study 
(Fig. 6). Third, drowned greater and lesser scaup and 
bufflehead with Dreissena-laden digestive tracts have 
been recovered from commercial gill nets in 9 m of wa- 
ter (Mazak 1995), depths much greater than that over 
which mussel biomass and size structure gradients were 
observed in this study. Fourth, far fewer waterfowl pre- 
dators of Dreissena frequented the western Lake Erie re- 
gion during 1994 than during years when predation im- 
pacts at Point Pelee were demonstrated (Ewins et al. 
1995). Available evidence is therefore inconsistent with 
duck predation as a determinant of mussel abundance 
and size distributions observed at Middle Sister Island 
during summer 1994. 

It is also unlikely that mussel distributions were af- 
fected by freshwater drum (Aplodinotus grunniens) pre- 
dation. French and Bur (1993) observed that large drum 
preyed extensively on Dreissena. However, these indi- 
viduals represented only a small proportion of the Lake 
Erie population and were found primarily over soft-bot- 
tom substrates (French and Bur 1993). Gill-net fish sur- 
veys conducted along north and east shores of Middle 
Sister Island during May 1994 and 1995 also failed to 
capture any freshwater drum (personal observations). 

Two factors that may affect Dreissena abundance and 
size structure at Middle Sister Island are ice scour and re- 
cruitment limitation in nearshore areas. Barton and Hynes 
(1978b) observed that ice abrasion temporarily reduced 
invertebrate abundance on shallow (<1 m), nearshore sub- 
strates in Lakes Erie and Huron. Ice up to 70 cm thick 
covers nearshore areas of western Lake Erie during win- 
ter months, and could scour much of the lakebed adjacent 
to Middle Sister Island. Observed differences in area-ad- 
justed biomass patterns on large and small rocks are, 
however, inconsistent with this hypothesis, as both rock 
types should be equally vulnerable to scouring by near- 
shore ice (Fig. 8). Additional work is needed to resolve 
effects of ice on Dreissena populations. 

A growing body of evidence indicates that recruit- 
ment limitation can affect abundance and age structure 
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of invertebrate populations (e.g. Menge 1991; Minchin- 
ton and Scheibling 1991; Gaines and Bertness 1992; Pe- 
terson and Summerson 1992; Grosberg and Levitan 
1992; Roughgarden etal. 1994). Settlement of larval 
Dreissena occurred at both inshore and offshore loca- 
tions (Fig. 10), demonstrating that competent larvae and 
suitable settling conditions were present throughout the 
nearshore zone. These findings corroborate earlier work 
conducted in the west-central basin of Lake Erie at 
Wheatley, Ontario, where settlement of competent veli- 
gers and postmetamorphic juveniles was observed at 
nearshore sites (Martel 1993, 1994). Mussel pediveligers 
can settle at mean water velocities <1 m s -l (Ackerman 
et al. 1995). 

It is not clear what factors were responsible for re- 
duced pediveliger settlement rates at the inshore site 
(Fig. 10). Martel (1994) demonstrated that settlement in- 
tensity of Dreissena pediveligers was highly correlated 
with density of competent veligers in the plankton. Al- 
ternatively, pediveliger settling on inshore pads may have 
been affected by higher flow velocities and attendant dis- 
lodgement or mortality. Inglis (1994) proposed that re- 
cruitment of the green alga Codium duthieae could be 
limited by the alga's ability to colonize the substratum 
rather than by substratum availability. Finally, it is also 
possible that food limitation affected patterns of mussel 
biomass and abundance, and pediveliger settlement. Ab- 
solute differences in mean food concentration among 
sites was not extensive (1.7 gg chlorophyll a 1-1), and all 
concentrations were quite low (<5 gg chlorophyll a l-S; 
Fig. 10). However, because threshold food requirements 
of pediveligers and colonial Dreissena has not been es- 
tablished, it is not clear whether food limitation affected 
Dreissena at the Middle Sister Island site. 

In conclusion, population structure (abundance, bio- 
mass, and size distributions) of D. polymorpha inhabit- 
ing rocks in a littoral area north of Middle Sister Island 
is strongly correlated with rock size and distance from 
shore, both of which correspond with frequency of phys- 
ical disturbance. Inshore sites also have reduced pediv- 
eliger settlement and lower food concentrations than off- 
shore sites. These patterns are consistent with reports 
from nearshore marine ecosystems. 
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