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Abstract

We conducted a field study including a series of cruises over an isolated offshore zebra mussel reef (7–11 m
deep) in Western Lake Erie to examine the effect of zebra mussels (Dreissena spp.) on the water column. The
horizontal currents over the reef were found to be primarily due to the hydraulic flow and surface gravitational
seiches. The turbulence generated by these currents was found to be too weak to fully mix the water column.
Although seasonal stratification was not observed, solar heating during the day and intrusions of cold central basin
water caused stable stratification of the water column 60% of the time. Results from the seston analysis taken at
five depths showed a statistically significant mussel-feeding signature in chlorophyll a and organic seston concen-
trations measured within 2 m above the reef. Estimates of clearance rates based on field data were consistent with
rates measured in a flow chamber using water from the site, which indicated that zebra mussels could remove up
to 40% of the total seston. The detection of a zebra mussel–induced concentration boundary layer is due to: (1)
reduced vertical mixing as a result of semidiurnal periodic stratification, (2) refiltration of bottom water in zebra
mussel populations, and (3) in situ clearance rates that are lower than those observed in the laboratory. Thus,
offshore zebra mussel colonies may have less of an effect on the water column than had been previously estimated
by simple stirred reactor models, and the role of zebra mussels in the clarification of Lake Erie should be investigated
further.

There has been considerable interest as to whether aquatic
ecosystems are controlled by limits to primary production
by phytoplankton or by consumption by grazers (e.g., bottom
up and top down controls, respectively; Fretwell 1987; Dame
1996). In the former, lack of nutrients is responsible for lim-
its to phytoplankton growth, whereas in the latter, pelagic
grazing of phytoplankton is the limiting factor. Benthic sus-
pension feeders, such as bivalves, also contribute to the con-
sumption of phytoplankton under certain conditions. This
coupling of benthic and pelagic systems is a function of
water depth, the physical processes that cause mixing in the
water column, and the availability of phytoplankton to the
benthos. The ability of suspension-feeding bivalves to con-
trol the algal biomass in the overlying water column has
been investigated in the laboratory and through numerical
modeling (Cloern 1991; Koseff et al. 1993; O’Riordan et al.
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1995). The formation of concentration boundary layers has
been observed over marine bivalves in tidal estuaries, and
numerical models have confirmed that turbulent transport is
the key physical process supplying phytoplankton to the bi-
valves (Fréchette et al. 1989).

Laboratory flume experiments have shown that the tur-
bulent transport of phytoplankton to the suspension-feeding
bivalves is determined by the dynamics of the momentum
boundary layer (O’Riordan et al. 1995). Biological factors,
such as variations in the quality and quantity of the food and
the filtration rate, have a significant influence on the prop-
erties of the corresponding concentration boundary layer
(Butman et al. 1994; Wildish and Kristmanson 1997). Al-
though these studies have been conducted under unidirec-
tional, largely tidally driven conditions, the situation in lakes
is less well characterized because of the interaction of many
forcing functions that control vertical mixing in the benthic
boundary layer (Fischer et al. 1979), including (1) shear-
produced turbulence at the bottom, (2) wind-driven surface
waves, (3) surface gravitational seiches, (4) wind-driven hor-
izontal circulation, (5) hydraulic flow, and (6) the earth’s
rotation (Bedford and Abdelrhman 1987).

The introduction and rapid population growth of zebra
mussels (Dreissena spp.) in the Laurentian Great Lakes in the
1980s (Hebert et al. 1991) provides an excellent opportunity
to examine the issue of benthic–pelagic coupling in lakes.
These introduced benthic suspension feeders have achieved
ecologically dominant status in the benthos, unlike native sus-
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Fig. 1. The experimental site was ;1 km from North Harbor
Island in western Lake Erie (X—41.8358N, 82.8668W). Fig. 2. Location of the sampling stations within the isolated

elliptically shaped reef (;300 by 500 m; 7–11 m deep) are shown
against the reef bathymetry in meters. The straight lines correspond
to the 458 and 1358 transects originating and terminating off the reef
where zebra mussels were not found. The dotted line shows the
extent of zebra mussels confirmed through ponar samples.

Fig. 3. Size frequency distribution of zebra mussels collected on
the reef by SCUBA. The population of mussels was characterized by
three size/age classes (0.3, 1.7, and 2.5 cm long). Population densities
were estimated at ;7,500 mussels m22. This estimate is considerably
lower than those made for inshore environments that are orders of
magnitude higher (bar 5 mean; error bar 5 SEM; n 5 3).

pension feeders, and have been implicated in the reduction of
phytoplankton biomass and the clarification of water, partic-
ularly in Lake Erie (Nalepa and Schloesser 1993). This as-
sertion is supported by observed mussel densities as high as
105 mussels m22, and when this is combined with their rela-
tively high clearance rates, an extremely high areal clearance
rate is predicted (e.g., MacIsaac et al. 1992; Nalepa and
Schloesser 1993). This simple reactor model approach has led
some researchers to conclude that zebra mussels are clarifying
waterbodies at extremely high rates (e.g., MacIsaac et al.
1992; 1999; Fahnenstiel et al. 1995; Holland et al. 1995).
Although this may be the case for shallow inshore environ-
ments, deeper offshore environments need to be examined.
This simple approach fails to consider (1) the physical pro-
cesses that occur in these offshore environments at the spatial
and temporal scales relevant to zebra mussel suspension feed-
ing (top down processes) and (2) the potential of alternative
hypotheses to explain the observed changes in water quality.
It was deemed important to examine the benthic–pelagic cou-
pling of zebra mussels in the offshore environment of the
western basin of Lake Erie to ascertain whether zebra mussels
are able to clarify deeper water columns.

The purpose of the present study is, therefore, to examine
the degree of benthic–pelagic coupling in a zebra mussel bed
located offshore in western Lake Erie.

Materials and methods

The study was conducted over an isolated elliptically
shaped reef 1 km from North Harbor Island in western Lake
Erie (Fig. 1). The reef measured ;300 by 500 m and the
water depth varied from 7 to 11 m (Fig. 2). Zebra mussels
were present at high densities on the reef (;7,500 mussels
m22; 7,693 6 1,354 [mean 6 SEM], n 5 3, as determined
from samples collected by SCUBA divers [J.D.A.] and ponar
grabs), but negligible densities were observed on the sur-
rounding soft, muddy sediments off the reef (11 m deep). It
is important to note that this study was undertaken before

the onset of the colonization of soft sediments by zebra mus-
sels (Coakley et al. 1997). All of the mussels were identified
as Dreissena polymorpha and were present in three size clas-
ses (0.3, 1.7, and 2.5 cm long; Fig. 3).

An array of unattended instruments, which included four
ultrasonic current meters with built-in water temperature
sensors and a wave and tide recorder, was moored on the
reef from 7 July to 24 August 1994 (i.e., days 188–235) over
three sequential deployment periods (1–7 July to 19 July,
days 188–200; 2–21 July to 3 August, days 202–215; and
3–12 August to 23 August, days 224–235). The current me-
ters (EG&G model SACM-3) were oriented vertically to
measure horizontal components of the velocity. They were
moored at heights of 0.8, 1.2, 4.4, and 5.8 m above the lake
bed and were programmed to burst-sample the velocity at a
rate of 2 Hz for 256 s every hour and to record one 4-min
average of the velocity and temperature every 10 min. The
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wave and tide recorder (Seadata model 365-11), which was
moored on the lake bottom, was programmed to record the
mean water level once every 10 min. The instruments were
calibrated before and after the experiment by the National
Water Research Institute Calibration Laboratory (CCIW,
Burlington, Ontario). Meteorological data were obtained
from a meteorological buoy installed for the experiment and,
when needed to fill in gaps in coverage, from an Atmospher-
ic Environment Service (Environment Canada) weather sta-
tion off of Point Pelee (;30 km east of the experiment site).

A series of collecting stations (buoys) were established
along the major axes (458 and 1358 bearing) of the reef to
provide two transects for our vessel to follow. Each transect
began and terminated with an off-reef station ;200 m from
the reef. We conducted a series of cruises from 12 July to
15 July 1994 (days 193–196), during which we sampled the
seston at five heights above the bed (0.5, 1.0, 2.0, 4.0, and
8 m) at each of five stations along a transect (e.g., buoys
WB, X, CB, H, and WT for the 458 transect; Fig. 2). Ap-
proximately 1 liter (1.015 liters) of the water pumped from
each depth was vacuum filtered through precombusted and
preweighed glass microfiber filters (GF/C; Whatman, Inter-
national; nominal opening of 1.2 mm), stored on ice for
transport, and stored later in a freezer until processing (with-
in 3 weeks). The filters were dried at 608C for 12 h and
ashed at 4508C for 2 h to determine organic and inorganic
components of the seston.

The total fluorescence of a 50-ml aliquot of water sampled
at each height was measured using a calibrated portable fluo-
rometer fitted for chlorophyll a analysis (Turner Digital Fluo-
rometer; Model 10-AU; Turner Designs). A separate 290-ml
water sample, taken at all depths at the central station of each
transect, was filtered, placed in petri dishes, wrapped in alu-
minum foil, and stored in the dark on ice until transfer to a
freezer (,1.5 h). Chlorophyll a was extracted from the filters
in cold 90% acetone overnight, centrifuged for ;15 min at
675 g and allowed to come to room temperature (;238C) in
the dark. The fluorescence of the supernatant was measured
before and after acidification with 0.003 N HCl using the
fluorometer. The corrected chlorophyll a concentration was
determined using USEPA Method 445.0 (USEPA 1992).

The ability of zebra mussels to filter lake water from the
site was examined in a recirculating flow chamber (180 cm
long 3 17 cm wide 3 3.5 cm), using the procedures de-
scribed in Ackerman (1999). Mussels and 14.5 liters of lake
water collected on the reef were kept at collection temper-
ature (21–238C) and used within 6 h of collection. Three
experiments were conducted with lake water pumped from
1 m deep, and a fourth experiment was conducted with lake
water pumped from 1 m above the reef. Triplicate 1-liter
samples of the lake water used in the flow chamber were
filtered through GF/C filters before the experiment to provide
a measure of the initial seston concentration (C0). For each
experiment, 100 mussels (16.5 6 0.4 mm long), separated
from their byssal connections on rocks, were placed upright
in the test section 130 cm downstream according to Acker-
man (1999). The axial flow pump provided an average mid-
channel flow of ;7.5 cm s21 (determined by the transport
of dye), which was sufficient to maintain the seston in sus-
pension over the relatively short experimental period (Ack-

erman 1999). Each experiment was run for ;60 min, after
which time three 1-liter water samples were filtered to mea-
sure the final seston concentration (Ct). A new batch of mus-
sels was used in each experiment. The clearance rate (CR)
was determined from the following expression reviewed in
Wildish and Kristmanson (1997).

Vol C0CR 5 ln (1)1 2nt Ct

Vol is the volume filtered (14.5 liters), t is time, and n is the
number of mussels. The size frequency distribution of mus-
sel length was also used in the size-based allometric model
developed by Kryger and Riisgard (1988) to predict CR for
each mussel batch as a comparison to Eq. 1.

Results

Water column mixing processes—The hourly averaged
wind and currents at heights of 0.8 and 5.8 m for days 193–
196 are presented in Fig. 4. The average wind speed was 6.7
m s21, and the predominant wind directions were to the east
and southwest (Fig. 4a). The plots of current directions at
depths indicate that a complex vertical velocity profile existed
over the reef during the four-seston sampling days, with an
average velocity of 4.4 cm s21 to the northeast, east, and north
at middepth (e.g., 5.8 m above the bed; Fig. 4b) and 3.3 cm
s21 to the east or west near the bed (e.g., 0.8 m above the
bed; Fig. 4c). However, because of the mean hydraulic flow,
the net transport at both depths was to the east-northeast with
an average velocity of 1.4 cm s21. This is shown in a pro-
gressive vector plot, in which the cumulative displacements
at heights of 0.8 and 5.8 m are plotted (Fig. 5). It is evident
that the flow at both depths is influenced to varying degrees
by (1) surface gravitational seiches, which produce the loops
and sharp curves in the trajectories as the flow oscillates back
and forth; (2) the mean hydraulic flow, which advects the
water to the east; and (3) the wind, which causes the flow to
veer to the northeast, particularly at a height of 5.8 m.

The seiching appears to be the dominant physical process
governing the near-bottom currents, but it is also of impor-
tance near the surface, as seen in Fig. 6, where the time
series and spectra of the water level data and the east com-
ponent of the current at 5.8 m are compared. The majority
of the energy in the water level fluctuations was centered at
a frequency of 0.076 cph (cycles per hour), corresponding
to a period of 13.2 h. This frequency corresponds closely to
the predicted frequency of the lowest gravitational seiche
mode: 0.071 cph or a period of 14.1 h (Hamblin 1987).

The temperature data from the current meters at heights
of 0.8 and 5.8 m were used to evaluate the degree of strat-
ification of the water column. The densimetric Froude num-
ber is a measure of the ratio of inertial to buoyancy forces.

U
F 5 (2)rd

Dr
gDh! r

U is the average velocity, g is the acceleration due to gravity,
Dr is the density difference between two points a vertical
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Fig. 4. Wind conditions and velocity observed within the water column during the study. Pairs
of vector and rose plots showing the magnitude and direction, respectively, of the (a) wind (w), (b)
current (u) at a height of 5.8 m, and (c) current (u) at a height of 0.8 m. Time is GMT.

Fig. 5. A progressive vector plot of the displacement of fluid
over deployment 3 for currents measured at 0.8 and 5.8 m.

distance Dh apart (i.e., Dh 5 5 m in this case), and r is the
average density. If Frd , 1, buoyancy forces are stronger
than inertial forces and internal waves continually adjust the
density structure; thus, the water column remains stratified.
Conversely, if Frd . 1, inertial forces can overcome buoy-
ancy and the water column is unstratified (Fischer et al.
1979). The densimetric Froude numbers for each of the four
seston sampling periods were Frd 5 0.45, 0.47, 0.74, and
0.47, indicating that the water column was stratified during
the sampling periods (Fig. 7). There was an irregular diurnal
signal evident in the time series of Frd, and the water column
was typically stratified from approximately noon to late
evening or early morning (local time). An evaluation of the
available data indicated an Frd , 1.0 for 76 and 44% of the
time, respectively, for deployments 1 and 3. (Note that an
instrument failure occurred in deployment 2.)

Estimates of the friction velocity u* and the roughness
height z0 can be used to characterize the properties of the
time-averaged velocity profile in the benthic boundary layer
and to assess near-bed turbulence and, hence, mixing. Un-
fortunately, the boundary layer flow regime is very complex
because of the influence of reef topography and roughness,
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Fig. 6. (a) Water level fluctuations (H), (b) east component of
the current (u) at 5.8 m, and (c) spectrum (G) of the water level
(thin line) and the east component of the current (thick line) during
deployment 3 (12–23 August 1994).

Fig. 7. The densimetric Froude number (Frd) during the seston
sampling period (12–15 July 1994), where 1111 indicates the
exact seston sampling times.

surface waves, internal waves, seiches, wind stress, rotation
and wind-driven horizontal circulation, and the hydraulic
flow in the lake system (Bedford and Abdelrhman 1987). As
a result, the hydrodynamic roughness of the reef will be
determined by roughness elements covering a wide range of
heights, lengths, and spacings (cf., Raupach et al. 1991).

Although it is unrealistic to expect that the boundary layer
flow over the reef can be modeled accurately by including
all of the aforementioned forcing functions, the velocity (U)
close to the boundary in a stratified water column with
steady, unidirectional, fully turbulent flow over a rough
boundary (i.e., hydrodynamically rough flow) may be de-
scribed by

u* z 5z
U 5 ln 1 , (3)1 2[ ]k z L0 m

where k is the von Karman coefficient (5 0.40), z is the
height above the bed, z0 is the roughness height, and Lm is
the Monin–Obukov length (Turner 1973). This log-linear
profile predicts that when the water column is stably strati-
fied, the velocity will increase more rapidly with height
above the bed than is predicted under neutral conditions (i.e.,
Lm 5 `, Dr 5 0, and the log-linear profile is identical to

the logarithmic profile—the law of the wall). The Monin–
Obukov length, Lm was estimated from

z
L 5 , (4)m Ri

where Ri is the unidirectional gradient Richardson number
given by (Kundu 1990)

]r
g

]z
Ri 5 . (5)

2
]u

r1 2]z

The value of Ri was estimated at z 5 0.8 m, which was the
height of the lowest current meter, and the Monin–Obukov
length was then computed using Eq. 4. Values of u* and z0

were computed from Eq. 3 using a Levenberg–Marquardt
nonlinear regression algorithm (Draper and Smith 1981) and
the data from the three lowest current meters at heights of
0.8, 1.2, and 4.4 m.

The log-linear regression predicted mean values of u* 5
0.53 cm s21 and z0 5 9.5 cm (deployment 1: u* 5 0.40 6
0.04 cm s21, z0 5 11 6 3 cm, Lm 5 47 6 15 m; deployment
3: u* 5 0.65 6 0.05 cm s21, z0 5 8 6 1 cm, Lm 5 152 6
43 m). These results are consistent with Bedford and Ab-
delrhman’s (1987) report of u* ranging between 0.25 and 1
cm s21 in Lake Erie prior to the zebra mussel invasion and
with estimates made using the law of the wall (not shown).
For perspective, a z0 of 9.5 cm corresponds to a drag coef-
ficient referenced to the mean velocity 100 cm above the
bed equal to 2.9 3 1022 (Gross and Nowell 1983). It should
be noted that only 1.5–1.7% of the observed velocity profiles
met the selection criteria, and the remaining data were dis-
carded because (1) the velocity data did not increase mono-
tonically with height above the bed or the directions of the
velocity at the three heights were not within 0.4 radians of
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Table 1. Summary of the transect data. The magnitude (U) and direction (Udir) of the velocity measured at 0.8 m above the bottom,
wind speed (W), and direction (Wdir) are presented in Fig. 4. The boat bearing and category (downstream transects in which the near-bottom
flow was approximately parallel to the transect bearing [1 for 458, 3 for 1358 transects]; cross-stream transects, in which the near-bottom
flow was approximately orthogonal to the transect bearing [2 for 458, 4 for 1358 transects]) with respect to Udir is provided, along with the
measured chlorophyll a (via in situ fluorescence) and organic and inorganic seston components determined from water samples pumped
from various heights above the reef. The mean 6 standard error (n 5 25) is presented.

Local time
(h)

Transect ID-
bearing-
category

U
(cm s21) Udir

W
(m s21) Wdir

Chlorophyll
a (mg L21)

Organic
seston

(mg L21)

Inorganic
seston

(mg L21)

12 Jul 94
1200–1344
1425–1540

A-458-1
B-458-2

0.6
2.2

2578
2728

7.5
5.7

2108
2208

1.3860.12
1.4860.20

1.0960.23
1.1560.10

1.6060.22
1.9660.20

13 Jul 94
1220–1355
1510–1610
1623–1719
1731–1822

C-458-2
D-1358-3
E-458-2
F-1358-4

2.9
9.1
6.7
3.8

988
1078
1088
1888

4.4
4.6
5.1
4.1

808
908
908

1208

1.4360.15
1.5160.14
1.8060.20
1.8760.20

1.0760.10
1.1460.19
1.1060.12
1.1660.14

1.3460.25
1.3460.18
1.3160.28
0.9860.22

14 Jul 94
1303–1407
1502–1705
1720–1817

G-1358-4
H-1358-4
I-458-2

4.4
3.9
6.5

348
868
918

7.7
7.4
8.7

908
908
908

1.0960.15
1.2960.14
1.9460.19

1.0760.13
1.1760.28
1.3460.20

1.2960.21
1.2060.16
1.3660.15

15 Jul 94
1016–1103
1114–1213

J-458-2
K-358-3

1.4
1.9

2858
2938

7.2
7.7

2808
1808

1.8960.13
1.7960.17

1.3260.13
1.2760.16

1.4160.13
1.3860.16

Fig. 8. Profiles of chlorophyll a and organic and inorganic ses-
ton concentrations with height above the bottom for on- and off-
reef sampling stations (33 and 22 samples per height, respectively).
The mean value and standard error bars are presented.

each other and thus not unidirectional (;84%); (2) the cor-
relation coefficient of the velocity profile was ,0.997, in-
dicating that the uncertainty in u* estimates were .30% at
the 90% confidence level (Drake et al. 1992) (;13%); and
(3) the observed velocities were less than the 1 cm s21 res-
olution of the current meters (,1%). It is evident that the
simple boundary layer model described by Eq. 3 only pro-
vides an accurate description of the flow over the reef a

small percentage of the time. This is not unexpected because
the flow over the reef was complex due to the competing
influences of the two dominant forcing functions: surface
gravitational seiching and wind-driven currents.

Water column seston sampling—Each water sampling
transect was completed in 1–2 h (i.e., 25 seston samples 5
five heights 3 five stations; Table 1). A total of 11 transects
were sampled from 12 to 15 July 1994, providing 55 water
column profiles or 275 seston samples. The seston data were
separated into organic and inorganic components, as well as
chlorophyll a concentration based on a regression of total
fluorescence versus extracted chlorophyll a. The least
squares fit of our data indicated that Total Fluorescence 5
(0.55 6 0.05) 3 Chlorophyll a 2 (0.05 6 0.06) (r2 5 0.69,
n 5 68, P , 0.001). The wind conditions may have influ-
enced the seston data sampled in each transect (Table 1). For
example, the average chlorophyll a and organic seston con-
centration increased from 12 to 15 July 1994, whereas the
inorganic seston decreased significantly between 12 and 13–
14 July 1994 (F(3,7) 5 5.89, P 5 0.025) during a period of
reduced wind speed (Table 1).

The data were initially separated into on- and off-reef sta-
tions to explore for potential differences due to zebra mussel
feeding activities. In general, profiles of chlorophyll a and
organic seston concentration tended to increase with height
above the bottom, both on and off the reef (33 and 22 sam-
ples per depth, respectively; Fig. 8). On-reef stations tended
to have lower chlorophyll a and organic seston concentra-
tions, especially near the bottom, but none of these trends
were found to be statistically significant. However, inorganic
seston concentration tended to increase toward the bottom.
A relative decrease in inorganic seston concentration was
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Fig. 9. Contours of chlorophyll a, organic seston, and inorganic seston components measured
at 25 sampling locations (five heights at five distances indicated by 1) along profiling transect F
on 13 July 1994. The direction of the water currents measured at a height of 0.8 m were approxi-
mately orthogonal to the direction of the transect (i.e., cross-stream; see Table 1 for details). The
extent of the zebra mussel–covered reef, which is surrounded by soft sediments, is indicated by the
thick line on the abscissa.

observed immediately above the reef, and this was signifi-
cantly lower (P , 0.05) than the inorganic seston concen-
trations measured off the reef at a height of 0.5 m.

An analysis that included the spatial coordinates of the
sampling locations was undertaken on the seston data. The
data contours of the chlorophyll a, organic seston, and in-
organic seston components are provided for transect F on 13
July 1994 (Fig. 9). The 25 sampling locations (five depths
3 five stations) are indicated by the 1 symbols, along with
the extent of the reef, as indicated by the thick line on the
abscissa. The chlorophyll a concentration contours showed
a trend to lower concentrations at greater distances along the
transect (i.e., the abscissa of Fig. 9). The chlorophyll a con-
tours ranged from 1.7 to 2.0 mg L21 (5 to 8 m above the
reef) to 2.3 mg L21 (2 to 5 m above the reef) and decreased
to ,1 mg L21 closer to the reef. The lowest concentrations
were centered at a distance of 380 m and a height of 0.5 m
directly over the reef. The organic seston concentrations ex-
hibited similar trends over the reef; however, the organic
seston concentrations were more uniform (i.e., 1.3–1.7 mg
L21) within the water column. The lowest organic seston
concentrations (,0.7 mg L21) were centered at the same
location as those for chlorophyll a, i.e., 380 m. The inorganic
seston concentrations were similar as well. The contours var-
ied from 0.7 to 1.0 mg L21 within the water column at 3–8
m above the reef and declined to 0.3 mg L21 at a height of
2 m. Inorganic seston concentrations immediately above the

reef were at a minimum of 0.7 mg L21 at a distance of 380
m. Higher inorganic seston concentrations (e.g., 1.7–2.1 mg
L21) were observed within 1 m above the lake bed imme-
diately above the soft sediments on either side of the reef.

A statistical analysis was undertaken for boat transect
bearings of 458 (e.g., A, B, C, E, I, and J; Fig. 10) and 1358
(e.g., D, F, G, H, and K; Fig. 11) to determine the statistical
significance of the vertical gradients in seston constituents
above the reef and off of the reef. These analyses involved
the computation of the standard deviate within each transect
(i.e., z 5 [x 2 m]/s, where z is the standard deviate, x is the
observation, and m and s are the mean and standard devi-
ation measured within a transect). The standard deviates
were averaged across the same water column locations (i.e.,
distance and height) and contoured (Fig. 10, 11). In this
analysis, regions of average concentration have standard de-
viates of zero; those of higher concentration have positive
values, whereas those of lower concentration have negative
values. Standard deviates of magnitude $1.96 can be con-
sidered statistically significant at P , 0.05 (e.g., Rohlf and
Sokal 1995). Significantly lower standard deviates for chlo-
rophyll a directly above the reef were observed for nine of
the 11 transects undertaken on the 4-d period. Significantly
lower standard deviates for organic seston were found on
transects B and J on 12 and 15 July 1994. Only one of the
11 transects (B) had significantly lower standard deviate val-
ues for inorganic seston directly above the reef.
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Fig. 10. Contours of the mean standard deviates of chlorophyll a, organic seston, and inorganic
seston components measured on six 458 transects (A, B, C, E, I, and J) between 12 and 15 July
1994 (see Table 1 for details). The standard deviates were determined within each transect ([x 2
m]/s, where x is the observation and m and s are the mean and standard deviation measured within
a transect, respectively) and ensemble averaged across sampling locations. Standard deviates greater
than 61.96 would be significant at P , 0.05. The sampling locations are indicated by 1. The
extent of the zebra mussel–covered reef, which is surrounded by soft sediments, is indicated by the
thick line on the abscissa.

The standard deviate contours for chlorophyll a concen-
trations resembled those observed on a single transect (com-
pare Fig. 9 with Figs. 10, 11; note the different bearings of
the transects, which are presented in Fig. 2). The chlorophyll
a concentrations in the water column were relatively uni-
form, with standard deviate values of 0.0 to 1.0 from 2 to 5
m above the reef. There was a sharp decline in average stan-
dard deviate values from 0.0 at a height of 2 m to 21.5 at
0.5 m above the reef at a distance of 580 m for 458 transects
(Fig. 10) and 21.3 at 0.5 m above the reef at a distance of
300 m for 1358 transects (Fig. 11). Although there is an
obvious gradient in chlorophyll a concentration toward the
reef, the lack of significance in these contour values may be
related to the averaging process, since nine of the 11 tran-
sects had significantly lower standard deviates.

The standard deviate values for organic seston concentra-
tion were reasonably consistent with those for chlorophyll a
and transect F. Values ranged from 0.5 to 1.0 at a height of
2–8 m, with a maximum of 1.0 at 4 m for 458 transects (Fig.
10) and a maximum of 1.3 at 7.5 m for 1358 transects (Fig.
11). In general, the average value of ;0 (i.e., the mean) was
observed at a height of 2 m above the bottom. The standard
deviate values declined from 0.0 at a height of 2 m to 21.0
at 0.5 m immediately above the reef at a distance of 580 m
for the 458 transects (Fig. 10) and 21.2 at 0.5 m immediately

above the reef at a distance of 380 m for the 1358 transects
(Fig. 11). The standard deviate values for inorganic seston
concentration increased from approximately 20.7 at a height
of 8 m to ;0 at 2 m. A minimum of 0.0 was observed at a
distance of 580 m and a height of 0.5 m for the 458 transects
(Fig. 10), whereas a minimum of 20.3 was observed at 0.5
m immediately above the reef at a distance of 380 m for the
1358 transects (Fig. 11), as was the case for chlorophyll a
and organic seston. In general, the magnitudes of the de-
clines in the chlorophyll a and seston components directly
over the reef were stronger for the 458 transects than for the
1358 transects (Fig. 10 versus 11).

An additional contour plot is provided for a subset of three
458 transects (C, E, and I; Fig. 12), in which the approaching
velocity direction was similar (i.e., approximately east), in
an attempt to examine the consistency of the seston com-
ponents. The standard deviate contours for chlorophyll a
concentrations resembled those described above for the larg-
er sample (Fig. 10), but there was a marked and significant
decline (i.e., $1.96; P , 0.05) in average standard deviate
values from 0.0 at a height of 2 m to 22.0 at 0.5 m above
the reef at a distance of 580 m. The standard deviate values
for organic seston concentration were reasonably consistent
with those for chlorophyll a, although they declined from
0.0 at a height of 2 m to 21.5 at 0.5 m immediately above
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Fig. 11. Contours of the mean standard deviates of chlorophyll a, organic seston, and inorganic
seston components measured on five 1358 transects (D, F, G, H, and K) between 13 and 15 July
1994 (see Table 1 for details). Analysis and symbols as in Fig. 10.

Fig. 12. Contours of the mean standard deviates of chlorophyll a, organic seston, and inorganic
seston components measured on three 458 transects (C, E, and I) between 13 and 14 July 1994, in
which the approaching flow was to the east (see Table 1 for details). Analysis and symbols as in
Fig. 10.
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the reef at a distance of 580 m, which was not significant
(P , 0.13). The standard deviate values for inorganic seston
were similar to that found in Fig. 10.

Zebra mussel clearance of natural seston—The potential
effect of zebra mussels on the water column seston was ex-
amined in four suspension-feeding experiments conducted in
a recirculating flow chamber using lake water at 21.5–
22.58C. The initial seston concentrations in the experiments
were relatively high, averaging 2.55 6 0.06 mg L21 (mean
6 SE; n 5 4) in total seston, and the proportions were sim-
ilar for organic and inorganic seston fractions (1.2 6 0.1 mg
L21 and 1.3 6 0.1 mg L21, respectively). The water pumped
from a height of 1.0 m above the reef had a lower ratio of
organic/inorganic fractions (0.42 versus 1.2 6 0.2 for the
remaining three experiments), as would be expected from
the data presented in Fig. 8. On average, the mussels re-
moved ;40% of the total seston in the chamber (Ct 5 1.5
6 0.1 mg L21), with a smaller reduction in organic than
inorganic fractions (Ct 5 0.8 6 0.1 mg L21 and Ct 5 0.64
6 0.07 mg L21, respectively). This corresponded to an av-
erage clearance rate of 87 6 22 ml mussel21 h21 of total
seston. Mussels tended to clear less of the organic than in-
organic fractions (59 6 24 ml mussel21 h21 and 110 6 44
ml mussel21 h21, respectively).

Discussion

Benthic–pelagic coupling over the reef—A comparison of
water column chlorophyll a and seston did not reveal statis-
tically significant differences between stations on and off of
a zebra mussel–dominated reef, except in the case of inor-
ganic seston at 0.5 m above the lake bed (Fig. 8). This latter
difference, where there is more inorganic seston off the reef,
may be due to the entrainment of sediments in the flow near
the bottom and the possible pumping of the softer sediments
by the submersible pump. Concentration gradients in chlo-
rophyll a and organic seston were, however, observed be-
tween heights of 0 and 2 m, both on and off the reef. Al-
though the gradient was steeper on the reef compared to off
the reef, it was not found to be significantly different. If
zebra mussel feeding effects were strong, one would expect
to see steeper gradients on the reef and stronger differences
in the concentrations and the gradients between on- and off-
reef stations. However, when the horizontal spatial infor-
mation was incorporated in the analysis, water column con-
tours revealed the effects of zebra mussel feeding. Although
other sinks for seston are present in the field (e.g., zooplank-
ton grazers, settling of seston), it is difficult to envision a
scenario whereby there would be spatial differences in these
other sinks corresponding in the same manner as the zebra
mussels on the reef.

It is also important to note that our observations can be
considered reliable because chlorophyll a and seston con-
centrations were measured by different techniques (i.e., fluo-
rometry of water samples, and mass of material filtered from
water samples). The consistency and statistical significance
of the lowest concentrations being nearest the bottom (i.e.,
0.5 m above the lake bed) is noteworthy given the different
sampling dates and range of environmental conditions (Table

1). Therefore, it is reasonable to conclude that there is a sink
for seston on the bottom.

The concentration boundary layer above the reef is the
consequence of zebra mussel feeding. The strength of the
concentration boundary layer will vary temporally and spa-
tially with the currents, location on the reef, and response of
the zebra mussels. This signal would be strong if the water
column was stratified, thus limiting the vertical exchange of
water. As determined above, the measured densimetric
Froude number (Frd) was less than unity during the seston
sampling periods, indicating that the water column was strat-
ified (Fig. 7). Importantly, stratification was observed ;60%
of the time and usually occurred from noon to late evening
or early morning. Similar gradients in chlorophyll a were
observed within ;1 m of the lake bottom in shallower lo-
cations in Western Lake Erie during periods of stratification
(MacIsaac et al. 1992). Assuming that the results presented
above are representative of summer conditions, it is likely
that stratification occurred ;60% of the time during the en-
tire summer of 1994.

Direct measurements of the vertical mixing (e.g., turbulent
vertical velocity) were not possible with the available in-
strumentation, but inferences can be drawn from the bound-
ary layer observations. Koseff et al. (1993) used a numerical
model to show that in shallow estuaries, stratification re-
moved the connection between benthic suspension feeders
and the near-surface phytoplankton biomass by decreasing
the vertical transport of the phytoplankton.

The approximate time it would take a population of ben-
thic suspension feeders to deplete a water column of depth
H of phytoplankton is given by

H
t 5 , (6)graze a

where tgraze is the timescale for benthic grazing and a is the
areal clearance rate (Koseff et al. 1993). Given the mussel
density on the reef (;7,500 mussels m22) and the average
clearance rate from the flume experiments (;90 ml mussel21

h21) gives a 5 0.675 m3 h21 m22. Using a depth H 5 8 m
provides a timescale for benthic grazing of tgraze 5 11.9
hours.

The approximate time it would take for the turbulence to
mix the phytoplankton over depth H is given by

2H
t 5 , (7)diff ez

where tdiff is the diffusive timescale and ez is the vertical
turbulent diffusion coefficient. At times when the water col-
umn above the reef is stably stratified, the vertical mixing
will be inhibited, and the magnitude of the vertical turbulent
diffusion coefficient will be reduced according to the Munk
and Anderson (1948) expression given by

ez 5 e0(1 1 3.33Ri)23/2 5 e0b, (8)

where e0 is the value of ez for neutral stability given by
(Fischer et al. 1979)

e0 5 0.067Hu*. (9)

It was estimated that, on average, ez was reduced by 44%
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during deployment 1 and 20% during deployment 3 (i.e.,
average b 5 0.56 and 0.80, respectively) . The value of b
during the seston sampling periods was 0.60, 0.63, 0.56, and
0.66, respectively, indicating that, on average, ez was re-
duced by ;40% at these times.

Applying Eq. 9 under stably stratified conditions using u*
5 0.0053 m s21 and b 5 0.60 for the seston sampling pe-
riods in Eq. 8 gives ez 5 0.0017 m2 s21. Then Eq. 7 predicts
that tdiff 5 10.4 h for the stratified conditions that occurred
during the seston sampling periods. As a comparison, the
diffusive timescale for neutral conditions was estimated by
computing an average value of u* using the law of the wall
and linear regression for times when Frd was .1.0 (not
shown). Using the average u* of 0.0073 m s21, Eq. 9 predicts
e0 5 0.0041 m2 s21, and consequently, Eq. 7 provides a tdiff

of 4.5 h.
These scaling arguments indicate that when there is no

significant stratification tdiff is approximately two and a half
times smaller than tgraze. During these time periods, the ver-
tical mixing will be so strong relative to benthic grazing that
the mussels have access to more of the water column, and
only a relatively weak concentration boundary layer would
be expected to form near the bed. During the seston sam-
pling periods, the diffusive timescale was predicted to in-
crease to 10.4 h, which is comparable to 11.9 h, the predicted
value of the timescale for benthic grazing. When the two
timescales are equal, the strength of vertical mixing and ben-
thic grazing is approximately equal; therefore, a stronger
concentration boundary layer should form above the bed. As
noted above, concentration boundary layers were observed
on all 4 d of seston sampling. Interestingly, although we
found that concentration boundary layers can form above
benthic grazers in the presence of semidiurnal stratification,
Lucas et al. (1998) recently demonstrated that periodic strat-
ification does not increase the probability of phytoplankton
blooms.

Although a concentration gradient was observed over the
reef, it was relatively weak, and it was not present over the
entire reef (see Figs. 9–12). Moreover, other factors, such as
jets emanating from bivalve exhalant siphons, are known to
lead to refiltration in benthic bivalves and influence the near-
bottom mixing (Monismith et al. 1990; O’Riordan et al.
1995). Laboratory experiments showed that the maximum
refiltration nmax is given by

d0n ø 2.5 , (10)max S

where d0 is the exhalant siphon diameter and S is the average
distance between the siphons (O’Riordan et al. 1995). For
zebra mussels of the principle size on the reef, d0 is ;2 mm
(MacIsaac et al. 1992) and S is ;12 mm, given a density of
;7,500 mussels m22. Equation 10 predicts nmax 5 0.42 for
this zebra mussel reef. In other words, mussels upstream are
predicted to have previously filtered ;40% of the water that
the mussels are filtering, which is an upper limit, given that
the orientation of zebra mussel siphons is not likely to be as
uniform in space, nor would they be constantly pumping, as
in the laboratory model. Regardless, this value is consistent
with recent estimates of refiltration made by Yu and Culver

(1999). The refiltration of bottom water combined with the
limited vertical mixing of the water column due to stratifi-
cation would restrict the suspension-feeding signal to the
region immediately above the reef and, thus, lead to a more
pronounced concentration boundary layer.

Potential effects of zebra mussels—The potential effects
of zebra mussels on the water column were examined in the
clearance rate experiments. Results indicate that zebra mus-
sels could remove up to 40% of the total seston in the flow
chamber. The ;90 ml mussel21 h21 clearance rate falls with-
in the range of observations obtained for Dreissena poly-
morpha of this size (note that reported rates vary over two
orders of magnitude; Ackerman 1999). This value was
;40% lower than the 157 ml mussel21 h21 rate predicted for
the mussels in the flow chamber using the allometric model
developed by Kryger and Riisgard (1988), and is opposite
to what Ackerman (1999) found using a Chlorella mono-
culture in the same chamber at comparable temperatures.
Moreover, it is also lower than what would be expected giv-
en the enhancement of clearance rates by velocity noted by
Ackerman (1999; also see Wildish and Kristman 1997). Un-
fortunately, most of these comparative data were based on
observations made using algal monocultures added to fil-
tered lake water (see review in Ackerman 1999). Lake water
is more complex in terms of the algal and other constituents,
and the concentrations of total seston may also exceed the
2 mg L21 incipient threshold seston concentration for D.
polymorpha when clearance rates decline exponentially
(Sprung and Rose 1988; Reeders and Bij de Vaate 1990).
This is supported by findings in Saginaw Bay, Lake Huron,
where lower clearance rates were observed in the inner bay
compared to the outer bay, even though seston concentra-
tions were higher in the inner bay (Fanslow et al. 1995). It
is reasonable, therefore, to expect clearance rates that are
lower than predicted values given the use of natural lake
water and the initial seston concentrations that were greater
than the incipient threshold seston concentration (cf. Butman
et al. 1994).

Results from this study provide an opportunity to estimate
the reef clearance rate for the sampling transects using Eq.
1. The direction of the water at a height of 0.8 m was used
to determine where the water first contacted the reef. The
distance from this point to the region of minimum concen-
tration observed in the contours (e.g., Fig. 9), provided the
water path length (d) for further calculations. The volume
(Vol) was determined as the water within a 1-m width and
a 1-m height (i.e., corresponding to the height of the con-
centration boundary layer) along the path d. The number of
mussels (n) was determined as the product of the area (i.e.,
d m2) and the mussel density (;7,500 mussels m22). The
initial seston concentration (C0) was taken at the off-reef
station, and the final seston concentration (Ct) was taken at
the sampling station closest to the minimum. Time (t) was
calculated from the quotient of d and the water velocity mea-
sured at a height of 0.8 m. The results for the sampling
transects varied according to transect and the seston com-
ponent analyzed (i.e., total seston and organic and inorganic
seston fractions). Average clearance rates of 107 6 46 ml
mussel21 h21 for chlorophyll a and 98 6 33 ml mussel21 h21
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of total seston were estimated. As with the flume experi-
ments, mussels tended to clear less of the organic than in-
organic fractions (76 6 21 ml mussel21 h21 and 113 6 40
ml mussel21 h21, respectively), and these results were ;40%
lower than the 126 ml mussel21 h21 rate predicted from the
mussel size distribution on the reef (i.e., Fig. 3) using the
allometric empirical model developed by Kryger and Riis-
gard (1988).

To assess the potential bias associated with single-point
estimates (e.g., Fréchette et al. 1993), we repeated our anal-
ysis using initial and final seston concentrations based on
the integration of the bottom two sampling locations (i.e.,
0.5 and 1.0 m). We assumed that the concentration at the
bed was 50% of the value at 0.5 m, and then we integrated
from the bed to a height of 1.25 m. The results were similar
to those reported above, although the estimated clearance
rates were ;20% lower. The average clearance rate for chlo-
rophyll a was 88 6 33 ml mussel21 h21, whereas 81 6 29
ml mussel21 h21 was estimated for total seston. There was a
higher clearance of inorganic than organic fractions (96 6
35 ml mussel21 h21 and 59 6 19 ml mussel21 h21, respec-
tively).

These estimates of the effects of zebra mussel are sur-
prisingly similar given the very different techniques used in
the field and in the laboratory. This suggests that our flow
chamber results, which indicate that zebra mussel feeding
rates are lower than those predicted by other studies (see
above), are sound. Furthermore, the positive association of
velocity during the transect and clearance rate estimates (r2

5 0.57, 0.44, and 0.56 for total seston, and organic and
inorganic seston fractions, respectively) supports a similar
finding of a positive effect of velocity on the suspension
feeding of zebra mussels and other benthic bivalves (Ack-
erman 1999).

Clearance rate estimates from the laboratory are often
used to model the effects of benthic grazers on aquatic eco-
systems. A common approach is to use a simple reactor
model (cf. tgraze), which estimates the grazing effect from the
quotient of the volume of the waterbody and the areal clear-
ance rate (e.g., Reeders et al. 1989). Unfortunately, this ap-
proach ignores (1) water column physical processes (e.g.,
stratification, benthic boundary layer flow, and diffusion),
(2) the effect of field conditions (e.g., velocity and com-
plexities of natural seston) on benthic clearance rates, and
(3) the spatially heterogeneity of suitable substrates. The ap-
plicability of this model even to shallow well-mixed envi-
ronments is questionable (e.g., in 3-m mean depth in Lake
St. Clair; Hebert et al. 1991; Yamamuro and Koike 1994),
but its application in deeper offshore environments will al-
most certainly lead to high estimates of benthic grazing.

The observation of an algal concentration boundary layer
over the mussel bed is evidence that the simple reactor mod-
el is an oversimplification, as are other models that ignore
stratification (MacIsaac et al. 1999).

Another factor that is ignored in these assessments is sea-
sonal differences in mixing and ecophysiology that could
influence the effects of benthic grazers. One could model
seasonal differences based on expectations that the effect of
benthic grazers would be greater during periods of higher
mixing (e.g., fall and spring) and warmer water temperatures

when clearance rates are higher (e.g., summer). Unfortu-
nately, this assessment is problematic for zebra mussels be-
cause (1) both positive and negative responses to increasing
temperature up to a maximum of 20–268C have been re-
ported by different authors (see Fisher et al. 1993; Lei et al.
1996) and (2) there is a paucity of water column mixing data
in other seasons. This is an area that should be addressed in
the future through direct measurements in the field.

There can be little doubt that the introduction of large
numbers of suspension feeders into Lake Erie has affected
the water quality (Makarewicz et al. 1999, 2000; Nicholls et
al. 1999). However, several factors may have contributed to
the conventional wisdom that zebra mussels are the only
possible explanation for the clarification of Lake Erie. First,
previous field studies have tended to concentrate on near-
shore regions, where the effect of zebra mussels will be
greater because of their high population density and strong
vertical mixing. Second, the application of simple reactor
models to the entire basin will overestimate the effect of
zebra mussel suspension feeding (e.g., #18.8 times daily
[MacIsaac et al. 1992]; also see criticisms in Yu and Culver
[1999] and Makarewicz et al. [1999]). Plausible additional
factors that contribute to water quality changes include (1)
the significant decline in phytoplankton biomass and change
in species composition that occurred prior to the introduction
of zebra mussels (Makarewicz 1993), which was coincident
with phosphorus abatement strategies (Schelske and Hodell
1995), and (2) grazing by native zooplankton (Wu and Cul-
ver 1991).

Given these and other findings, we recommend that the
proposed role of zebra mussels in the clarification of Lake
Erie be investigated further.
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