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Abstract

This research addressed the impact of the establishment of high densities of the
zebra mussel  as seen in western Lake Erie! on the cycling of copper, nickel and zinc
in a lake enviro~ment. Experiments consisted of field experiments with mussels on
sedimentation traps, semi-field experiments with mussels in flow-through tanks
receiving natural lake water, and static laboratory experiments  some of which used
metal radioisotopes!. Not only has the establishment of Dreissena polymorpha
resulted in an increased incorportion of metals in the biota  in zebra mussel tissue!, but
also in a very substantial increase in the flux of metals from the water column to the
lake bottom. The latter effect was mainly due to biodeposition by the mussels. At
mussel densities reflective of natural conditions, biodeposition exceeded normal
sedimentation  median ratio 1.4!, while being extremely high near the Maumee River
xnouth �8 mg cm-2 d-' biodeposition by zebra mussels!. This also means that
suspended matter levels were substantially reduced in the presence of the mussels.
The metal flux from the watercolumn to the lake bottom was also increased due to an
increase in metal concentratio~ of the deposited sediment as a consequence of the
mussel's presence.
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General Introduction.

Zebra mussels can affect the cycling of metals in Lake Erie and other aquatic
environments in various ways. Since metals and other aquatic pollutants have a high
affinity for particles, one important route by which zebra mussels may affect metal
cycling is by changing the fate of particles. Specifically, zebra mussels remove particles
from the water column and deposit these on the lake bottom. This will affect metal
cycling if this effect on particles is important on an ecosystem scale. Consequently, the
first part of this report addresses effects on seston levels and sediment deposition. These
'results have implications beyond the cycling of metals, since the magnitude of effects of
zebra mussels on such variables as water clarity are incompletely understood; current
predictions are largely based on laboratory studies and anecdotal evidence.

A direct assessment of the impacts on the environmental cycling of metals by
zebra mussels is done in the second part of this report. Effects on particle behavior are
extended to their implications for metal cycling, while other effects  such as metal
bioaccumulation! are included as well. Various approaches ranging from laboratory
studies to field studies were used to investigate the impacts of zebra mussels on the
cycling of zinc, copper and nickel,
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 Sprung 1993!. Consequently, it seems logical that the introduction and establishment
of the zebra mussel may drastically affect seston levels. Such an effect would be
expected especially in areas where the filtration capacity of the newly established zebra
mussel population is relatively large in comparison to that of all other filter feeders. The
latter might well hold for western Lake Erie  Bunt et al. 1993!, though data on
zooplankton grazing during the summer of 1989 indicated that algal density and water
transparency were then largely controlled by daphnids  Wu and Culver 1991!. The fact
that zebra mussels appear to be having a negative effect on the native unionid mussels
in the Laurentian Great Lakes  Nalepa 1994; Schloesser and Nalepa 1994! might lessen
the net impact of zebra mussels on seston levels  increased filtration by zebra mussels
offset by a decrease in filtration by unionids!. However, it is very likely that the total
.filtration capacity of the zebra mussels is much larger than that of the much less
abundant unionids. In line with the expected effect of zebra mussels on seston levels,
,use of the zebra mussel in water quality management  via its removal of excessive
phytoplankton and contaminant-rich suspended matter! is being considered and
investigated in Europe  Noordhuis et al. 1992; Smit et al. 1993!.

There is a lot of anecdotal evidence that Lake Erie has become much clearer since

the introduction of the zebra mussel. Some scientific evidence supports the trend in
water clarity. Data for the northern shore of western Lake Erie for the period 1988 to
1990  Leach 1993! show a decrease in chlorophy11 a over this period, while Secchi disk
transparency increased between 1988 and 1989  though this was followed by a small
increase during the subsequent year!. Similarly, water transparency also appeared to
have increased following the establishment of the zebra mussel in Lake St. Qair
 Griffiths 1993!. These changes in water clarity have generally tmn attributed to the
filtering activity of the zebra mussels  Bunt et al. 1993; Leach 1993!, though as stated
above it might also have been due to filterfeeding by daphnids  Wu and Culver 1991!.
'Two studies  both suffering from lack of replication! reported effects of zebra mussels on
seston. An experimental pond stocked with mussels had consistently higher Secchi disk
transparencies than another pond without mussels  Noordhuis et al. 1992!. Similarly,
suspended matter levels resulting from the introduction of organic matter  dried algae
and fish food! declined faster in a chute with zebra mussels than a control chute
 Kharchenko and Lyashenko 1985!. However, a direct demonstration of an effect of the
zebra mussel on seston levels or on sediment accumulation rates under natural
conditions has yet to be reported. This study addressed these effects in three different
approaches. The first approach consisted of simple laboratory experiments using
mussels in beakers with natural lake water or with tapwater and resuspended sediment.
The second approach used "bioboxes" containing different densities of mussels and
receiving a constant input of Lake Erie water. In the third approach, mussels on
sedimentation funnels were suspended in western Lake Erie  Maumee Bay!. Results
showed that zebra mussels significantly reduced seston levels and increased
sedimentation rates under all of these conditions.
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Materials and methods

Laboratory experiments

The first static experiment was conducted in glass 600-mL beakers containing
500 mL aged tapwater. Experimental beakers had five mussels  averaging 23.02 mm in
length!, while controls contained zero mussels. At the beginning of the experiment, a
sediment suspension that resulted in a turbidity of approximately 66 NTU  or 46.64
'mg/L suspended material! was added to each beaker. This sediment had earlier been
collected from flow-through aquaria receiving Lake Erie water at the Toledo water
intake  see "biobox experiments" below!. The experiment was run in triplicate.
Sampling  at t=0h and t=2h! was destructive  i.e, all water in each beaker was used for
analyses!, so that separate sets were used for the different sampling times. At each
,sampling time, a 10 mL aliquot was taken from the water column for the determination of
turbidity, 300 mL of the watercolumn was removed for the quantification of suspended
matter, while the remainder was used to determine the amount of settled material.
Turbidity was determined in a Hach Model 16800 turbidimeter, using Gelex secondary
turbidity standards calibrated against Formazin primary standards. Quantification of
suspended matter was done by vacuum-filtration of the 300 mL sample on a pre-
weighed 47 mm 0,45 p.m mixed cellulose-acetate / -nitrate membrane filter  Millipore,
filtertype HA! followed by 24h drying at 60'C. Dry weights were corrected for weight
changes of the filter itself, by determining weight changes in filters through which 300
mL distilled water was filtered  n=6!. The amount of settled material was determined by
stirring the remaining 190 mL, filtering this slurry using the same procedure as used for
the suspended matter, and determining dry weights as above. To correct for the
sediment suspended in the 190 mL of water itself, it was assumed that the concentration
of suspended matter here was the same as in the overlying 300 mL and this weight was
subtracted from the total sediment weight in the 190 mL slurry.

The second laboratory experiment used Lake Erie water with its natural seston
assemblage. Water from two sites was collected one day prior to the experiment. Water
at the first site had a Secchi disk transparency of 0.2 m and its seston consisted mainly of
fine sediment, while the second site had a Secchi disk transparency of 1.9 m and seston
consisting largely of filamentous green algae and filamentous diatoms!. The experiment
was conducted at room temperature �4 C! and used non-starved mussels that had
proven capable of re-attachment within 48 hours. The latter procedure has been used
by Fisher et al. �993! to exclude damaged and unhealthy mussels. Changes in the
amount of suspended matter in beakers with mussels was compared to that in beakers
without mussels. Beakers contained a total volume of 400 mL water, while 10 mussels
�7.5-22.5 mm length! were used per beaker. Suspended matter was quantified in the
initial water samples, and one hour after the water was placed in the beakers in the
experimental beakers  with or without mussels!, in six replicates. Suspended matter was
quantified by filtration as described above  with 12 replicates for the filter blanks!.

Biobox experiments

These experiments were conducted in flow-through systems  "bioboxes"! at
Toledo's water intake located 5 km offshore in western Lake Erie and approximately 16
km from the mouth of the Maumee River. Lake water was pumped into two headtanks,
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from which water flowed by gravity into eight bioboxes. Waterflow in the bioboxes
was targeted at 2L min-i and was checked and reset approximately weekly  lake
conditions permitting boat trips to the intake!. Actual flow rates averaged 1.86 L min-'.
The bioboxes, designed by Ontario Hydro, consisted of clear acrylic with inside
dimensions of 99,1 cm length, 22.0 cm width and 30.5 cm height. Four vertical baffles
were situated alternately to the left and right side of the biobox. These baffles and a
weir at the inflow to the biobox resulted in a serpentine flow of the water through the
system and a division of the main part of the biobox into four equally sized
'compartments. The water level in the bioboxes was maintained at about 12.7 cm by the
height of the outflow opening, Diagrams of these bioboxes have been published
elsewhere  Klerks et al. 1993!.

The musse1s used for the first biobox experiment represented a natural population
obtained from PVC pipes that had been suspended in the water intake for about 9
months  fail-summer!. These mussels ranged in size from 4.3-18,9 mm  mean: 14.7, S.D.
2,66 mm!. Mussels used for the second experiment were restricted to the same size
range �7.5-22.5 mm! used for most of the other experiments size and were collected by
scuba diving from the outside of the water intake. Zero  control!, 100, 200, or 400
mussels were placed in each biobox  equivalent to 0-1835 ind m-~!, with two replicates
per density. The mussels were divided equally among the four main sections of each
biobox. The experimental set-up varied somewhat between the two experiments.
Mussels were placed directly on the biobox bottom in the first experiment, while they
where placed on aluminum screens supported by glass cups  height 4.5 cm! in the
second experiment. The latter was done to reduce disturbance of the sediment  upon
removal of the mussels! prior to sediment sampling at the end of the experiment. The
mussels were kept in these flow-through systems for 29 and 53 days  in respectively
experiment 1 and experiment 2!. Water teinperatures for the first experiment averaged
24 'C. Water temperatures were not measured for the second experiment, but normally
decrease from about 24 to about 13 'C during this time period  August 26 to October
18!. Two variables were measured to assess the influence of zebra mussels on the
seston; turbidities at the point where the water entered the biobox  " inflow" sample! and
at the exit point  " outflow" sample!, and sediment accumulation on the bottom of the
bioboxes, Inflow and outflow turbidities were measured once during each of the two
experiments, using the procedure stated above  see "laboratory experiment"!. At the
end of the experiments, the waterflow was tumed off and the mussels were removed.
Sediment samples were taken subsequently  in the first experiment, where removal of the
mussels resulted in some disturbance of the sediment, sediment sampling was done the
next day!. To sample the sediment, a PVC tube was pressed to the bottom of the biobox
and the sediment within this core was removed using a large-bore pipet. For each
biobox compartment, three small cores �.27 cm diameter! were collected at the end of
experiment 1, while one larger core �.009 cm diameter! was collected for experiment 2.
The siltmlay fraction of sediment samples was determined by wet sieving �3 Nm sieve!
and drying of both fractions at 60 'C. Mass of deposited sediment was determined after
drying at 60 'C. One aliquot of dried sediment was used for organic content
determination. Organic content was determined as "loss on ignition", via a 30-minute
ashing in a muffle furnace at 500'C.
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Field experiments

In these experiments, sediment deposition was determined using a sedimentation-
trap design. Traps consisted of glass funnels  funnel mouth diameter 12.20 cm! each
with a short piece of tygon tubing at the funnel stem connected to the mouth of a 40-
mL glass vial. Plastic screening  with 7.5 x 7,5 nim openings! covered the funnel mouth,
and supported the mussels enclosed in a mesh bag  with hexagonal openings,
approximately 3.3 x 2.7 mm!. Mesh bags contained 20 mussels, resulting in a density of
'11SO mussels m-~  at the funnel mouth!. Mussels used in the first experiment were
collected in Lake Erie near West Sister Island and averaged 20.3 mm in length  S.D. 1.66
mm! while rnussels ranging in size from 17.5 to 22.5 mm and collected near Turtle Island
were used for the second experiment. To adjust for sedimentation not due to the
filtering activity of zebra mussels, funnels with dead mussels  with the two shell valves
glued together and of the same size as used for the experimental funnels! were used as
controls.

Pairs of funnels  one experimental and one control! were placed in a BOD rack.
These racks were suspended in the Lake Erie water column, with the use of an anchor
 cement brick! and a subsurface float. All sites were located in the west end of Lake Erie
 Maumee Bay! in varying proximity to the mouth of the Maumee River  Figure I- 1!, In
the first experiment, duplicate sets of funnels were suspended approximately 1.5 m from
the lake bottom at each of 12 sites that varied in depth from 2.3 to 4.6 m, for a period of
Seven days. Water temperatures and Secchi disk transparency were determined on days
zero and seven, with the omission of three sites on day seven due to extreme weather
conditions. Water temperatures were approximately 14 'C. Two sets of funnels were
lost during this experiment. In the second experiment, funnels in single sets were
suspended for a period of four days, approximately 1.2 m from the lake bottom at 16 sites
that ranged in depth between 3.0 and 4.4 m. During this period, water temperatures
ranged from 21 to 26 'C. Secchi disk transparency, turbidity and total suspended solids
were determined on days zero, two, and four, using the methods stated above. At the
end of each experiment, total mass of the sediment collected in the vials was determined,
as were sediment organic content and sediment silt+clay content. Methods for these
analyses were the same as those used for the other experiments, Paired t-tests
 comparing results for funnels with live mussels to those with dead mussels in each pair
of funnels! were used to statistically evaluate the effects of the mussels.

Results

Laboratory experiments

In the first laboratory experiment  using fine resuspended sediment in aged
tapwater!, the mussels had a large effect on the distribution of sediment between the
suspended and settled phases  Figure I-2!. After 2 hours  but not at to!, the amount in
suspension differed significantly between the beakers with mussels and those without
mussels  p&.011 in ANOVA!. In beakers with mussels, total suspended matter was
reduced by 63% in the 2-hour period  versus 8% in the absence of mussels!. Similarly,
turbidity was reduced by 54% in the presence of the mussels, versus 17% in the controls
 data not shown!. During the 2-hour period, a large amount of sediment settled on the
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bottom of the beakers with the mussels. In spite of the statistically significant decline in
suspended matter in the presence of the mussels, the amount settled out in the presence
of the mussels did not differ significantly from the amount settling out in the absence of
the mussels  p&.054 in ANOVA!.

In the second laboratory experiment  using recently collected Lake Erie water
with its natural seston!, normal sedimentation resulted in a large decrease in suspended
matter over the one-hour duration of the experiment in the beakers with water from the
high-turbidity site. In this water, the presence of mussels resulted in a very pronounced
further decline in suspended rnatter  Figure I-3!. After one hour, total suspended matter
in the absence and presence of mussels averaged respectively 51% and 7% of initial
values. In the beakers with the low-turbidity water, the amount of suspended matter
after one hour was significantly lower in the presence of the mussels than in the absence
of the mussels  p=0.037 in ANOVA; data not shown!. Measured values were too low
!usually a 1 mg or less change in filter weight following filtration of 300 mL;
approaching the detection limit of the methodology used! to allow any firm conclusions
on the absolute magnitudes of these changes in the low-turbidity water.

Biobox experimen s

Turbidity in the outflow water sample was expressed as a percentage of the
turbidity in the inflow water sample, to correct for differences in inflow turbidity among
the bioboxes. In the absence of zebra mussels, turbidity decreased slightly as the water
passed through the bioboxes: outflow turbidity averaged 97% of inflow turbidity.
However, the presence of zebra mussels resulted in a large decrease in turbidity: outflow
turbidity averaged 49% of inflow turbidity in the bioboxes with 1835 ind m ~. The
'outf1ow/inflow turbidity ratio exhibited a very strong dependence on mussel density
 Figure 1-4!, where this relationship was much better described by a second order
regression than a linear one. The turbidity ratios differed between the two experiments
 p&,0081 in ANOVA on arcsin 4p transformed data!, but it is clear from Figure I-4 that
this difference was relatively minor when compared to the effects of the mussels.

The accumulation of sediment in the bioboxes was the second variable measured
to assess the effects of zebra mussels on seston. There was some sediment accumulation
in the bioboxes without mussels, reflecting the decline in turbidity as water flowed
through the system. Again, this effect was much stronger in the presence of zebra
mussels, showing a positive dependence on mussel density  Figure I-5!. Also in line with
the turbidity data, results on sediment accumulation confirm that the mussels were in fact
depleting the seston. When sediment accumulation was evaluated along the length of
the bioboxes, sediment accumulation was shown to be higher in the compartments
closest to the inflow into the bioboxes  Figure I-6!, in spite of the fact that the mussels
were evenly distributed within each biobox. Mussel biodeposition  obtained by
subtracting values for the boxes without mussels! differed significantly among the
compartments  pE3.045 in ANOVA using data of the two experiments combined in the
absence of a significant differenCe between the experiments!. Also, while sediment
accumulation increased with mussel density, per mussel sediment accumulation values
tended to show a negative dependence on mussel density  data not shown!.

In the second of the two experiments, sediment physical characteristics  organic
content as loss on ignition, and the percentage of silt+clay!, were determined to assess
the impact of zebra mussels on sediment characteristics. Sediment organic content
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exhibited a positive relationship with mussel density  Figure 1-7!. The average sediment
organic content was 6.7%, while this was 7.7% for the boxes with 1835 ind m-2 and
5.5% for the boxes without mussels. No significant relationship between mussel density
and silt+clay content of the sediment was detected  data not shown!. The silt+clay
content of the sediment averaged 94.7%.

Field experiments

In the first of the two experiments in which mussels were deployed in a
sedimentation-trap design in western Lake Erie, the height of the watercolumn above
the funnels ranged from 0.8 to 3.1 m. Sediment accumulation in the control funnels
 with dead mussels! was significantly related to water depth  p=0.0493 in regression!,
~bile this was not the case for the funnels with the live mussels  p&.2959 in regression;
data not shown!. Sediment accumulation was on average 40% higher in the funnel with
live mussels than in the corresponding control funnel  Figure 1-8!; average sedimentation
rates were respectively 0.916 and 0.702 mg.cm-> d-'. Sediment organic content and
silt+clay content did not differ between experimental funnels and controls  respectively
p=0.469 and p=0.815 in ANOVA using arcsin 4p transformed data; data not shown!.
Secchi disk transparency  for which site averages ranged from 0.55 to 1.65 m! did not
significantly affect biodeposition  the difference in sediment accumulation between
control funnels and those with live mussels; p&.259 in regression!. Sedimentation in
funnels with live mussels and that in control funnels was not significantly related to
distance to the mouth of the Maumee River  respectively p=0.233 and p=0.251; data
not shown!. The same conclusion held for biodeposition  pW.483 in regression; data
not shown!.

Sites used in the second experiment were chosen on a pronounced gradient in
water turbidity resulting from the discharge of the Maumee River into Maumee Bay,
Secchi disk transparencies averaged over 3 observations  on days zero, two and four of
the four-day funnel deployment! ranged from O.l5 m at the site at the mouth of the
Maumee River to 2.47 m at the site furthest out into Lake Erie. As expected, Secchi disk
transparency, turbidity and suspended matter were highly correlated  correlation
coefficients for Secchi disk transparency - turbidity, Secchi disk transparency-
suspended matter, and turbidity - suspended matter were respectively -0.791, -0.830 and
0.990!. As in the first experiment, sediment accumulation was significantly higher in the
funnels with the live mussels than in the ones with the dead mussels  Figure I-9!. In this
experiment, sediment accumulation in a funnel with live mussels was on average 2.73
times the sediment accumulation in the corresponding funnel with dead mussels. The
amount of sediment accumulation in the funnels varied drastically among the sites,
ranging from 0.3 to 37.4 mg.cm 2.d ', being highest at the sites closest to the mouth of
the Maumee River. Sediment accumulation in the funnels with live mussels as well as
those with dead mussels showed a significant dependence on Secchi disk transparency,
turbidity and suspended matter  Jnore strongly so for the funnels with live mussels than
for the ones with dead mussels � data not shown!. Nevertheless, biodeposition  the
difference in sedimentation rates between funnels with live mussels and those with dead
mussels! also showed a strong dependence on turbidity, Secchi disk transparency, and
suspended matter!. An example of these relationships is shown in Figure 1-10. The
activity of the mussels resulted in a very large increase in sediment deposition at the sites
with high suspended sediment levels.
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Discussion

The various approaches used in this study demonstrate that the presence of zebra
mussels may drastically decrease seston levels and increase sedimentation rates. These
two effects are tied together by the mussels' filtering activity coupled with their
production of feces and pseudofeces. This then results in an increased particle flux from
the watercolumn to the lake bottom. The increased sediment deposition is well
'documented in this research. In the first fieM experiment, sediment deposition rates
averaged 0.92 mg cm-2 d-i in funnels with live mussels, compared to 0.70 mg cm-~ d-' in
the controls. For the second field experiment, these values were respectively 9.6 and 2.6
mg cm-2 d-'. This difference between the two experiments can be explained by the
inclusion in the second experiment of sites closer to the Maumee River mouth  and
consequently higher seston levels! and the fact that water temperatures were higher
during the second experiment than they were in the first one. It has been shown that
water temperature affects  pseudo!feces production in D. polymorpha  Reeders and Bij
de Vaate 1992!, The sedimentation rates in the funnels with the dead mussels appear
generally in line with estimates for other lakes, such as a sedimentation-trap based
estimate for the yearly average sedimentation rate in Lake Windemere of 0.28 mg cm-2 d-
'  Hamilton-Taylor et al. 1984!. In the two biobox experiments, sedimentation rates in
the boxes with the highest zebra mussel density were 3.4 and 3,1 mg cm-2 d-', compared
to respectively 2,0 and 1.3 mg cm-> d-' in the controls. In the first laboratory experiment,
the amount settled after two hours in the presence of mussels translated into a
sedimentation rate of 4.5 mg-cm ~ d ', versus 0.8 mg cm 2 d ' without the mussels.
Sedimentation was not determined in the second laboratory experiment. Combining
these estimates, albeit obtained under very different conditions, results in a
sedimentation rate average of 4.3 mg cm-4-' in the presence of mussels, compared to a
control value of 1.5 mg.cm 2 d ', thus the biodeposition rate �.8 mg cm-2d-'! was
roughly twice the normal sedimentation rate. This result contrasts with a study on
Mikolajskie Lake, for which it was determined that biodeposition by zebra mussels
averaged 13% of normal sedimentation  Stanczykowska et al, 1975!. However, both
mussel densities  at 700 ind-i m-2! and seston levels  at about 4mg-L-<! during that study
in Mikolajskie Lake were substantially lower than for the present study in Lake Erie. A
study with the oyster Crassostrea virginica reported biodeposition rates that were six
times the normal sedimentation rates in a design similar to that of our biobox experiments
 Haven and Morales-Alamo 1966!. Again in a comparable design, Ahn �993! reported a
biodeposition rate with the bivalve Laternula elliptica that roughly equalled the normal
sedimentation rate.

The second field experiment demonstrated that the biodeposition rate can be
extremely strong; sedimentation rates at the three most turbid sites were an astonishing
28 mg cm-2 d-' higher in the presence of mussels  values averaged 33.8 and 5.4 mg.cm-
2 d-' in funnels with live and dead mussels respectively!. This translates into a per mussel
biodeposition rate of 164 mg ind-'d '. A similarly high biodeposition rate �00 mg ind-
'd i! for zebra mussels in water with a high level of suspended matter  87 mg L-'! was
reported by Reeders and Bij de Vaate �992!. A biodeposition rate of 47 mg ind-i d-< has
been reported for the much larger  Ahn 1993!, Our results showed a positive relationship
between biodeposition and seston levels. Such a relationship has also been reported for
the oyster C. virgI'nica, though this dependence was apparent for only some periods of
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the year  Haven and Morales-Alamo 1966!. An increase in biodeposition rate with
increasing suspended matter is not predicted by traditional models of the relationship
between food levels and filtering rates, where filtering rates decline once the incipient
limiting concentration has been reached. The decline in filtering rates with increasing
food levels has been observed for D. polymorpha both in laboratory experiments with
pure algal cultures as food  Sprung and Rose 1988! as well as under some field
conditions with natural seston assemblages  Reeders et al. 1989!. In our study, the
seston at the high-turbidity sites was virtually devoid of algae  in contrast to the seston
'at the low-turbidity sites!, while the same is likely for the high-turbidity water of the
western European river Meuse in early spring that was used in the Reeders and Bij de
Vaate �992! . We hypothesize that such a preponderance of abiotic seston components
translates in a low food intake and consequently a need to maintain high filtration rates
in spite of high seston levels. Filtration rates may also be kept high to ensure an
.adequate oxygen supply. The difference in seston composition  mainly abiotic at the
sites near the river mouth vs. mainly biotic further out in Lake Erie! may be the reason for
the positive quadratic component of the regression of biodeposition rate on suspended
matter levels in our field experiment; higher assimilation efficiencies and therefore lower
production of feces and pseudofeces at the sites with relatively more algae in the seston!.
It has been reported that both consumption and assimilation efficiencies  and therefore
pseudofeces and feces production rates! in zebra mussels are strongly dependent on the
composition of the seston  Stanczykowska et al. 1975; Ten Winkel and Davids 1982!.

Our results on the decline in seston levels as a function of the zebra mussel
presence are not as well documented as those on the effects on sedimentation rate, in
part due to practical problems in assessing effects on seston levels under field
conditions. In the biobox experiments, the water turbidity was reduced by 51% as the
water flowed through the bioboxes with 1835 mussels per m2  where this decline was
3% in the controls!. In the first laboratory experiments, suspended matter was reduced
by 63% after 2 hours in the presence of the mussels  where this was 8% in the controls!.
Corresponding values for the second laboratory experiment were respectively 93 and
49% after 1 hour in the high-turbidity water. These data indicate a very strong effect of
the mussels on the amount of particulates present in the water column.

The increased transfer rate of particulates from the water column to the sediment
does also appear to lead to an increase of the organic content of the sediment. This
enrichment from feces and pseudofeces  including the mucus holding together the fecal
material! is believed responsible for an increase in benthic infauna in close proximity to
zebra mussels  Stanczykowska 1977! as well as specific changes in the composition of
the macrobenthos  Griffiths 1993!. It has been shown that material deposited by zebra
mussels is very well suited as a substrate for chironomids  Izvekova and Lvova-
Katchanova 1972!.

Various factors determine to what extend our conclusions are generalizable for
western Lake Erie and similar water bodies. The validity of our findings is supported by
the fact that results of the three different approaches  the rather unrealistic static
laboratory experiments, the more natural biobox experiments and the field experiments!
agree very well with each other. In addition, the densities used in our experiments  950
and 1900 ind m-2 for the laboratory experiments, 0-1835 ind m-~ for the biobox
experiments and 1180 ind m-~ in the field experiments! are very realistic for western Lake
Erie. For example, sediment samples collected by us in an area near Toledo with soft
sediment, contained zebra mussel druses at a density of 16,500 ind m-2. Thirteen percent
 or 2145 ind m-2! of these mussels were in the 17,5-22.5 mm range  with an additional
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2% exceeding 22.5 mm!. Substantially higher densities have been reported for areas of
western Lake Erie with hard substrates  Hamburger et al. 1990; MacIsaac et al. 1991!,
thus effects of zebra mussels are likely to be more pronounced there. One factor causing
our estimates to underestimate actual effects in Lake Erie is the fact that our study was
mostly limited to mussels in the 17.5-22.5 mm size range. The more abundant smaller
mussels are likely to have collectively an effect similar in magnitude to that of the large
mussels. It should also be kept in mind that our results were obtained during the May-
October period in which zebra mussel activities are much higher than during the other
half of the year.

The results from this study can be used to predict the zebra mussel's effect on
western Lake Erie. The median ratio of zebra mussel biodeposition to normal
sedimentation for the various experiments amounted to 1.4. Thus the zebra mussel
biodeposition rate appears to be equal in magnitude to the normal sedimentation rate.
The decrease in suspended matter can be calculated from the biodeposition rate,
disregarding the assimilation component  and thus underestimating the zebra mussel's
impact!. At the average biodeposition rate in our experiments �.8 rng cm-2.d-'! and an
average depth of western Lake Erie of 7 m, the suspended matter removal by zebra
mussels amounts to 4 mg L-'d ', or a daily removal rate of 33% of a suspended matter
level of 12.3 mg L-'  the latter being the median value for the second field experiment!,
Another estimate can be obtained when using results for the second field experiment
only  conditions were more natural than for the other designs while suspended matter
levels were not quantified during the first field experiment! but omitting the results for
the six sites closest to the Maumee River  on the basis that these high-turbidity sites are
not representative for western Lake Erie as a whole!. The biodeposition rates for the ten
sites averaged 0.466 mg.cm-2.d-', amounting to a suspended matter removal of 0.67
mg L 'd ' or a daily removal of 7% of the 9.3 mg L ' suspended matter measured for
those sites. Effects on Lake Erie water clarity can also be quantified on the basis of
seston changes in the experiments. In the biobox experiments, water turbidity
decreased by about 50% at a mussel density of 1835 ind m-~, The efficiency of seston
removal has been shown to be dependent on seston composition  Sprung and Rose
1988!, however a value of 90% is probably realistic. At an average flowrate of 1.86 L
'.miii-', the per mussel filtration rate was at least 165 mL ind-i h-i. This value is
consistent with filtration rates measured by Kryger and Riisghd �988!, though higher
than values reported by others  Noordhuis et al. 1992; Bunt et al. 1993!. At a density of
2145 ind m-2, and an average depth for western Lake Erie of 7 m, the total ~ater column
would be cleared by these mussels in 0.9 days if this entire water column would be
within their reach and disregarding filtering of water partially depleted by other mussels.
Actual clearance times would thus be somewhat longer. Effects of the zebra mussel
population in western Lake Erie on water clarity are thus expected to be very strong,
considering also that the juvenile zebra mussels not included in this study appear
capable to filter the entire water column in as short as 1-3 days �993!. In conclusion,
this study has demonstrated that the establishment of high densities of the zebra mussel
in western Lake Erie has resulted in a significant increase in the flux of particulate matter
from the water column to the lake bottom.
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Figure I-3. Suspended matter under static conditions in the laboratory,
in the presence and absence of mussels in the second laboratory
experiment  using Lake Erie!. Values are mean+ S.E. Six replicates per
group.
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Figure I-4. Ratios of outflow-/inflow-turbidity as a function of mussel
density in the two experiments using bioboxes continuously receiving Lake
Erie water, Individual values and second order regressions are shown.
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Figure I-5. Sediment accumulation rates in the two experiments using
bioboxes continuously receiving Lake Erie water, as a function of mussel
density in the bioboxes. Individual values and linear regressions are
shown.
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Figure 1-6. Biodeposition rates for the bioboxes with 1835 mussels.m,
as a function of compartment number. Results for the two experiments
were combined  results among experiments did not differ significantly
in ANOVA!. Values are mean+ S.E., with n=4 per group.



page 21

0.3

0.2
0

Mussel density  ind m ~ !

Figure I-7. Sediment organic content  loss on ignition! of sediment
accumulated in the second experiment using bioboxes continuously
receiving Lake Erie water. Individual values and linear regression are
shown.
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Figure l-H. Sediment accumulation rate» in the first field experiment. See
Figure I- l for location of sites   l -l2!. Sets of funnels  one with live
n>usseis and one with dead rnu»sei»! were suspe»ded at each site, two
replicate» per site. for 7 days, One replicate wa» lost at each of sites 3, 5
and S.
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f'inure I-9. Sediment ~ccurnulation rates in the second field experiment.
See I inure I- l f' or location of site»  a-p!, Sets of funnels  one with live
mussels a»d one with dead mussels! were suspended at each site, one
replic >te per site. for 4 day».
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Figure I-10, Biodeposition rates in the second field experiment, as a
function of total suspended rnatter  averages for days 0, 2 and 4! at each
site.
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PART II;
EFFECTS OF ZEBRA MUSSELS ON THE CYCLING OF METALS IN
WESTERN LAKE ERIE.

Introduction

The cycling of metals in an aquatic environment is intimately tied-in to the
. behavior of particles, since metals have a high affinity for these particles. In water with a
substantial amount of seston  such as phytoplankton, detritus, sediment derived from
riverine input and resuspended sediment!, a much larger proportion of the metals in the
watercolumn are in the particular phase than in the dissolved phase. Consequently, the
substantially increased flux of particles from the watercolumn to the sediment

'documented in the first part of this report, is expected to translate in an increased flux of
metals from the watercolumn to the sediment, An increased density of benthic infauna
near zebra mussel aggregations  as reported by Stanczykowska 1977! may further
modify this component of the cycling of metals.

Bioaccumulation is another component to the environmental cycling of metals.
In general, accumulation of metals in bivalves is reflective of metal levels in their
immediate environment, which has resulted in the use of bivalves in biomonitoring
applications such as the mussel watch program  Farrington et al. 1983; Bayne 1989!.
Zebra mussels have recently been added to the list of species used in the U.S. mussel
watch program, while they are more routinely used in monitoring European waters
 Karbe et al. 1975; Leglize and Crochard 1987!. This metal bioaccumulation by the
filter-feeding Dreissena polymorpha may result from the uptake of metals from solution
.as well as from the uptake of metals associated with particles. It has been shown that
Mytilus edulis and Macoma balthica take up cadmium and zinc predominantly from
solution  Borchardt 1983; Harvey and Luoma 1985; Riisghd et al. 1987!. The zebra
mussel also appears capable of taking up cadmium and zinc from solution  Bias and
Karbe 1985; Maarouf and Pihan 1987!. In contrast, the uptake of arsenic by
Crassostrea virginica and the uptake of cobalt by M. balthica result largely from the
intake of food  Harvey and Luoma 1985; Sanders et al. 1989!. Elimination of metals
from zebra mussel tissues may result in tissue metal levels reaching an equilibriuin level.
Such elimination may be very slow, as demonstrated for cadmium in M. edulis
 Borchardt 1983; Riisghrd et al. 1987!.

This study addressed the interplay between zebra mussels and copper, nickel and
zinc in Western Lake Erie. It has been demonstrated that these three metals occur at
elevated levels in this area  Kreis et al. 1991!. Several experimental approaches were
used to determine the impact of the establishment of the zebra mussel on the cycling of
these metals. Short-term laboratory experiments were conducted with the radioisotopes

Zn and '3Ni under static conditions  similar experiments were not conducted with a
copper radioisotope since information from our other experiments indicated that the
interplay between zebra mussels and copper is very similar to that for nickel, and
because of supply and logistical problems for 64Cu which has a 12.7h half-life!. In the
second type of experiment, zebra mussels were kept at different densities in bioboxes
continuously receiving Lake Erie water for a duration of 1-2 months. In the third type
of experiment, mussels were placed at several locations in Western Lake Erie using a
sedimentation-trap design, for a duration from 4 to 7 days!.
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Materials atid methods

Laboratory experiments

Two experiments were conducted for each of two metal radioisotopes  ~5Zn and
~3Ni! used in this design.

In the first experiment with zinc, the ~5Zn  as ZnClp, specific activity 3.75 mCi/mg,
Du Pont/New England Nuclear! was used at an activity of approximately 2.5 pCi/L,
'resulting in a zinc concentration increased by about 0.67 pg/L over background levels.
This zinc was added to beakers containing 200 mL of aged tapwater and either a! 6
mussels ranging in size from 15.5 to 20.6 mm, b! resuspended sediment  settled in the
biobox experiments, see below!, added at a quantity to result in a turbidity of about 30.5
NTU, c! both mussels and resuspended sediment, or d! no further additions, in 2

.replicates per treatment. Radioactivity in the watercolumn was determined at times 0, 1,
2, 8, 24 and 48h, by scintillation counting of the 1 mL samples removed at these times.
Mussels were removed at 48h, after which the water in the beakers was stirred and
sampled again in order to determine the extend to which a decline in watercolumn
activity was due to settling of seston. Mussels were dissected and radioactivity
determined by scintillation counting following digestion of the tissues with 90%
Hyamine hydroxide  overnight at 55'C! and color reduction with HqOq.

The first experiment with nickel was conducted similarly to the first zinc
experiment. Mussels used for this experiment ranged in size from 18.6 to 27.8 mm. The
~3Ni  as NiClq, specific activity 12.52 mCi/mg, Du Pont/New England Nuclear! was used
at an activity of approximately 2,5 jj.Ci/L, resulting in a nickel concentration increased
by about 0.2 pg/L over background levels.

In the second experiment with zinc, ~~Zn  as ZnClq, specific activity about 3.64
mCi/mg, Du Pont/New England Nuclear! was used at an activity of approximately 20
pCi/L, resulting in a zinc concentration increased by about 5 pg/L over background
levels. The second experiment used a design very different from the first one. Two
types of Lake Erie water were used, in order to determine the effect of seston
composition. Water was collected from a site with a relatively high turbidity  Secchi
disk transparency 0.2 m; seston predominantly abiotic!, or 200 mL of Lake Erie water
with a relatively low turbidity  Secchi disk transparency 1.9 m; seston consisting
predominantly of phytoplankton!. This water was incubated overnight  under
continuous stirring! with the ~5Zn  in one container per water type!. For each of the
two water types, the water was then divided over 6 replicates �00 mL water each! in
beakers with or without mussels. These mussels were 17.5-22.5 mm in length, had been
recently collected, were fed algae the previous day and had been checked for capability
to reattach to a substrate within 24h, in order to prevent the use of unhealthy or starved
mussels. Water samples were collected at t0  from the incubation bottle; 6 replicates!
and at 1 hour  just prior to the removal of mussels, if appropriate!. This sampling
consisted of taking a 1 mL sample of unfiltered water, filtering a 5 mL aliquot through a
glass fiber filter, and taking a 1 mL sample from the filtered water. Radioactivity was
determined in both type of watersamples  filtered, unfiltered! as well as in the filter. After
the water was poured out of the beakers at the lh time point, the mussels were given
quick rinses with distilled water. Three mussels from each beaker were then blotted dry
and frozen, while the remaining three mussels were transferred to 100 mL dechlorinated
tapwater. The latter were removed from that water after 24 hours, blotted dry and



frozen. Radioactivity in the soft tissues of the mussels was determined following the
removal of the shells and digestion of the soft tissue with Scintigest  overnight at 60'C!.

The second experiment with nickel followed the protocol used for the second
zinc experiment. The water used in this experiment was newly collected Lake Erie
water from again a high-turbidity site and a low-turbidity site  Secchi disk transparencies
respectively 0.2 and 3.0 m!. The 63Ni  same batch as used for the first nickel experiment!
was now used at an activity of approximately 0,8 pCi/L, resulting in a nickel
concentration increased by about 0.06 pg/L over background levels.

Biobox experiments

The general set-up of these experiments conducted in flow-through systems is
.described in part I of this report. Materials and methods for the determination of
suspended matter and for the quantification of sediment deposition were also described
there.

Concentrations of copper, nickel, and zinc were determined in the sediment
accumulating in the bioboxes  no sediment was present at the start of the experiment!.
This sediment was sampled at the end of each of the two experiments  see Materials
and Methods for part I!. Sediment was dried �4h at 60'C!, ground to a powder, and
metals were leached in a Sh extraction with concentrated nitric acid on a hotplate at
120'C. The resulting solution was filtered  using glass-fiber filters! and brought up to
100 mL using 0.4 N HNOq. For quality control, extraction blanks and reference
sediment  Buffalo River sediment, National Institute for Standards and Technology!
were processed similarly. Metal concentrations were then quantified by flame atomic
absorption  Perkin Elmer 11008! or inductively coupled plasma spectrometry  Perkin
Elmer Plasma II Emission Spectrometer!.

Results for the two experiments were combined for the determination of metal
mass deposition rates. This combining of results for analyzing the effect of mussel
density was possible since there were no statistically significant interactions between
experiment number and mussel density. Where results differed significantly between the
two experiments  Zn and Ni!, half of the difference between the two experiments was
added to values from the experiment with the lower means while half of the difference
between the two experiments was subtracted from values for the experiment with the
higher means,

Concentrations of tissue mass and tissue concentrations of copper, nickel and
zinc were determined in the zebra mussels at the start and the end of the experiments.
At the beginning of the experiment, mussels from the same batch and of the same size as
used in the experiments were placed in Lake Erie water overnight to depurate. These
mussels were then removed, blotted dry and frozen  in 10 samples at 10 or 9 mussels
each for experiment 1, 3 samples at 11 mussels each for experiment 2!. At the end of the
experiment, mussels were removed from the bioboxes and treated similar to the mussels
used for determining initial tissue mass and metal levels. For the first experiment, 3
samples of 15 mussels were usecl for each biobox, while metal analyses in the second
experiment were done on 1 sample of 10 mussels for each of the 4 compartments in each
biobox. Soft tissues were later separated from the shells using an acid-rinsed stainless
steel scalpel, dried �4h at 60 'C! and subsequently digested in 5 mL concentrated
HNO3 with 2 mL distilled water added. After refluxing for 4h at 120 C, 2 mL of HpOz
�0%; Fisher certified grade! was added and heating was continued for an additional 2h.
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After cooling, the tissue digest was filtered using glass fiber filters and brought up to
volume �5 mL!, using 0.4 N HNO3. Metal concentrations were then determined using
flame atomic absorption for zinc and furnace atomic absorption for copper and nickel, on
a Perkin Elmer 1100B. For quality control, blanks and reference material  oyster tissue,
National Institute for Standards and Technology! were processed and analyzed with
each mussel tissue batch.

Field experiments

The general set-up of these experiments using a sedimentation-trap design is
again described in part I of this report. Materials and methods for the quantification of
seston levels at these sites and for determining sediment deposition were also described
there. Metal concentrations in sediment accumulating in the funnels with live mussels

.and those in funnels with dead mussels  controls! were determined following the same
procedures as those used for the biobox experiments.

Results:

Laboratory experiments

In the first set of experiments, 65Zn and 63Ni radioisotopes were added to the
water  with or without mussels and with or without resuspended matter! at the
beginning of the experiment. For both isotopes, radioactivity in the watercolumn
 combined dissolved and particulate fractions, where appropriate! declined during the
48h duration of the experiments in the presence of mussels and suspended matters,
mussels alone, or suspended matter alone  Figures II-1 and -2!. This decline tended to be
most rapid when both mussels and suspended matter were present. Radioactivities
tended to decline faster with mussels present  and suspended matter absent! compared
to the situation with suspended matter present  and mussels absent!. The rapid decline
in watercolumn radioactivity when mussels were present in the absence of particulates
indicates that uptake from the dissolved phase was substantial. Nickel and zinc
behaved similar in these respects. The decline in watercolumn activity in the presence of
suspended matter only, appeared due to the gradual settling of the particles under the
static conditions, as most of the radioactivity returned to the watercolumn when the
water in the experimental vessels was stirred at the end of the experiment  Figures II-3
and -4!. In the case of zinc, watercolumn activity was also restored by stirring the water
in the vessels containing mussels and suspended matter  Figure II-3!. This indicates that
uptake of zinc from the particulate fraction was relatively minor. It is also possible that
this material was initially taken up and again excreted as pseudofeces in the 48h
duration of this experiment. Uptake of nickel from the particulate fraction appeared
relatively more important; only a small proportion of the watercolumn radioactivity in
the vessels that contained mussels and suspended matter was restored by the stirring at
the end of the experiment  Figure II-4!. These conclusions hold when the accumulation
of zinc and nickel in the zebra mussel soft tissues is compared between the vessels with
suspended matter and those without suspended matter  Figure II-S!. Zinc
bioaccumulation did not differ between the two groups, while nickel bioaccumulation
was significantly less in the absence of suspended matter.
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An experimental design differing from the one used in the first set of experiments,
was used in the second set of experiments with ' Zn and 6'Ni. The radioisotopes were
added to the experimental water about 20h prior to the introduction of the zebra
mussels, allowing the establishment of an equilibrium distribution between the
particulate and dissolved phases in the absence of the mussels. In the high-turbidity
water, most af the 5Zn was initially  at the beginning of the experiment! associated with
the particulate fraction rather than the dissolved fraction. The reverse was true for the
low-turbidity water  Figure II-6!. Watercolumn Zn declined during the 1 hour duration
'of the experiment, especially in the presence of mussels.  Iii the high-turbidity water,
watercolumn activity also declined in the absence of the mussels, indicating settling of
radiolabeHed sestoti!. No decline in watercolumn activity was detected for the dissolved
-fraction, in sharp contrast to a strong decline in the particulate fraction. This indicates
that zebra mussels took up Zn from the particulate fraction in this experiment, while no

,uptake from the dissolved fraction was evident, The importance of the uptake of 65Zn
from the peculate fraction is also evident from the fact that zinc accumulation in the
mussels was substantially higher in the high-turbidity water than in the low-turbidity
water  Figure II-7!. This figure also shows that a large proportion of this Zn was lost
during the subsequent 24 hours,

In contrast to the 65Zn, very little 63Ni  approximately 5%! was associated with the
particulate fraction at the beginning of the experiment  Figure II-8!. Total watercolumn
activity declined in the presence of the mussels for the high-turbidity water, but no
statistically significant decline was observed for the low-turbidity water. In the high-
turbidity water, declines were evident in both the dissolved and particulate fractions. In
the low-turbidity water, a decline was observed for the particulate fraction only.
Accumulation of ~Ni in mussels did not differ between the high- 8t. low-turbidity water,
while there was no evidence for loss of this radioactivity during the subsequent 24
hours  Figure II-9!.

Biobox experiments

In these experiments in which mussels were present in bioboxes receiving a
continuous supply of Lake Erie ~ater, sediment accumulated on the bottom of the
bioboxes at a rate that was shown to be dependent on mussel density  see part I!. The
concentration of metals in this sediment also tended to increase with mussel density
 Figure II-10!. In the absence of a significant interaction between experiment and
mussel density, results of the two experiments with bioboxes were combined. Increases
of metal concentration with increasing mussel density were statistically significant for
copper and zinc, but not for nickel. The combination of increases in the amount of
sediment deposited and increases in metal concentration with mussel density resulted in
very strong increases in the total mass of metal deposited. These increases were highly
significant for aH three metals  Figure II- I 1!. At the highest density used �835 mussels
per m~!, the rate of metal biodeposition approximately equaled the baseline rate of
deposition for nickel and copper', while it was approximately double the baseline
deposition rate of zinc.

Concentrations of Cu, Ni and Zn in mussels were determined at the beginning
and the end of the biobox experiments  Figure II-12!. Tissue levels increased for copper
and nickel but decreased for zinc. These changes were statistically significant in the first
biobox experiment. The same tre~ds were observed in the second experiment, but
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changes were statistically significant for nickel only. Regression analyses were used to
determine if tissue metal concentrations at the end of the experiment were dependent on
mussel density. This was done on results for the two experiments combined  values for
Ni and Zn were adjusted for differences between the two experiments, while Cu
concentrations did not differ between the experiments!. Tissue copper concentrations
showed a positive dependence on mussel density, while no significant regressions were
observed for nickel or zinc  Figure II-13!. The amount of metal accumulating in zebra
mussel populations is dependent on tissue metal concentrations as well as on total tissue
'mass. Consequently, the effect of mussel density on mussel tissue dry weight was also
assessed. Overall, mean mussel weight increased during the first experiment, but showed
a small decrease during the second experiment which was conducted during a period
with lower water-temperatures, Mean mussel weight showed a negative dependence on
mussel density for the first experiment, while not exhibiting a strong effect of mussel
density during experiment 2  Figure II-14!. Results on influences of mussel density on
tissue weight and on tissue metal concentrations were then combined to determine the
effect of mussel density on the net metal bioaccumulation rate. These rates for copper
and nickel tended to be positively dependent on mussel density, while the net
bioaccumulation rate for zinc was negatively affected by mussel density  Figure II-15!.

Since biodeposition and bioaccumulation rates showed a dependence on mussel
density, these rates were determined at one specific density �000 mussels per m~! in
order to compare the relative importance of these processes. These results show that
metal biodeposition was relatively much more important than biodeposition  Figure II-
16!.

Field experiments

Similar to the situation with the bioboxes, sediment deposition in funnels with
zebra mussels was significantly higher than in the corresponding control funnels  with
dead mussels!  part I!. Metal concentrations were slightly but consistently higher in the
sediment deposited in the funnels with the live mussels compared to the control funnels
 Figure II-17!. This response was qualitatively similar among the three metals and the
two experimerits, though statistical significance  in the non-parametric Wilcoxon signed-
rank test! varied somewhat. Metal concentrations in sediment deposited in funnels with
live mussels was significantly correlated to metal concentrations in the corresponding
control funnel  Table II-1!, indicating the importance of local conditions. One factor that
proved to be important locally was the discharge of the Maumee River into Lake Erie.
Concentrations of Cu, Ni and Zn in deposited sediment in experiment 2 were statistically
dependent on the distance of the deployment site to the mouth of the Maumee River
 Figure II-18!. No such pattern was evident for the first experiment. However, sites used
in that experiment were not optimally arranged for investigating such an effect  see
Figure I-1 in part I of this report!. For the second experiment  data not available for the
first experiment!, no clear relationship was evident between metal concentrations of
sediment collected in the funnels and that of sediment coBected by Eckman grab near
the mussel deployment sites. The latter appeared to decline initially as sites were further
removed from the Maumee River mouth, but increased again as sites were further out
into Lake Erie. Since sampling sites were in close proximity to the shipping channel, this
unexpected pattern in sediment metal levels may be due to dredging activities.

The combination of an increased sediment mass and an increased metal
concentration in the funnels with the live mussels resulted in an increase in the metal
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deposition rate in the presence of the mussels. For all three metals and for both
experiments, metal deposition rates were significantly higher for the funnels with live
mussels than in the corresponding control funnels  Figure II-19.!. Averaged over the
three metals, metal biodeposition amounted to 35% and 412% of background metal
deposition in respectively experiment 1 and 2. The very high mean biodeposition rate in
the second experiment is largely attributable to the sites closest to the mouth of the
Maumee River  Figure II-20!. Elevated metal concentrations in the material
accumulating in the funnels were to some extend responsible for the increased
'biodeposition rate, but the increase in mass of deposited material was the main
contributor.

Discussioa

/

This research has shown that the establishment of high densities of zebra mussels
 as has occurred in western Lake Erie! has significantly affected the environmental
cycling of metals. This research has established this for three metals that occur in
western Lake Erie at elevated levels: copper, nickel and zinc.

The presence of mussels has resulted in an increase of the rate of metal deposition
on the lake bottom. At densities representative of western Lake Erie, the mussels
roughly doubled the rate at which metals were being deposited on the lake bottom;
mussel biodeposition rates equaled  for copper and nickel! or exceeded  for zinc!
baseline deposition rates. In the field experiment conducted in western Lake Erie, metal
biodeposition rates declined strongly with increasing distance from the Maumee River
mouth. The increase in metal deposition as a function of mussel density was mostly due
to an increased sedimentation rate. This effect was observed in all experimental
'protocols  laboratory experiments, semi-field conditions, as well as full field conditions!.
Zebra mussels strongly affected the rate by which sediment is deposited on the lake
bottom. Sediment biodeposition averaged 140% of normal sedimentation rates. This
biodeposition was shown to increase with increasing seston levels in the watercolumn.
In addition, research showed an increase in sediment organic content, which may also
influence metal binding by the sediment as well as affect transfer of the metal to other
organisms.

The increase in metal deposition as a function of mussel density was also  but to a
much lesser extent! due to an increase in the concentration of copper, nickel and zinc in
deposited sediment. This effect was observed under field conditions as well as in
laboratory experiments with flow-through Lake Erie water, This will result in increasing
sediment contamination when zebra mussels are present. The exact reason for this
increase was not evident, but may be a consequence of metal uptake patterns  see
below!. For the field experiment in western Lake Erie, metal concentrations in the
deposited sediment declined with increasing distance from the Maumee River mouth.

Zebra mussels also affect the environmental cycling of metals through metal
bioaccumulation. Metal bioaccumulation was changed both via changes in tissue metal
levels  increases for copper and hickel, decreases for zinc! as well as changes in tissue
mass. The latter were shown to be dependent on mussel density  increases in tissue
weight being less at higher mussel densities!. However, in long-term experiments metal
bioaccumulation was of minor importance compared to the magnitude of metal
biodeposition.
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Short-term experiments with nickel and zinc radioisotopes showed that mussels
accumulate metals from both the particulate and dissolved fractions of water. This
uptake differed between experiments and between high- and low-turbidity water used
within the same experiment, indicating that the relative magnitude of uptake from water
and particulates is dependent on the composition of the seston. Short-term metal
bioaccumuiation reflected the changes in metal levels in the watercolumn, and showed a
rapid loss of zinc contrasting with the total retention  within 24h! of nickel by the
mussels. Similar experiment were not conducted with copper, due to problems with
'availability and use of the very short-lived 64Cu isotope  half-life 12.7 hours!. However,
results from our other experiments indicate that copper tends to behave similar to nickel
with respect to processing by zebra mussels,

The increased fluxes of metals from the watercolumn to the sediment  through
biodeposition! and to the biota  through bioaccumulation! mean that watercolurnn metal
.levels will be reduced. The exact magnitude of this change can not be fully assessed
with the available data, but based on changes in seston levels a decline of at least 50% is
predicted.
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Table II-j. Correlations  and corresponding p values! between metal
concentrations in sediment deposited in funnels with live mussels and
those in corresponding funnels with dead mussels:

0.803   0,001

0.733 0,002

0.644 0.011

Experiment 1 copper
nickel

Zinc

Experiment 2 copper
nickel

ZHlc

0.596

0.755

0.520

0.039

0.003
0.084
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Figure H-1. Watercolumn radioactivity in water spiked with '5Zn, as a
function of time. Experiment conducted under static conditions, in the
presence or absence of suspended matter and mussels.
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Figure II-2. Watercolumn radioactivity in water spiked with "Ni, as a
function of time. Experiment conducted under static conditions, in
the presence or absence of suspended rnatter and/or mussels.
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Figure II-3. "Zn activity remaining in the watercolumn at t=48h
 as a percentage of the initial activity! before and after the
material settled on the bottom of the experimental vessels was
resuspended.  n.d.: not determined!.
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Figure II-4. Ni activity remaining in the watercolumn at t=48h
 as a percentage of the initial activity! before and after the
material settled on the bottom of the experimental vessels was
resuspended.
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~ p0.6

0.3 0
with susp. matter without susp. matter

Figure H-S. Accumulation of "Ni and "Zn in mussels exposed to
the radioisotopes in either the presence or absence of suspended
rnatter. Values are mean + S.E.  *: accumulation in mussels differed
statistically between suspended matter presence vs, absence!.
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Figure H-6. Watercolumn '~Zn radioactivity  total, dissolved, particulate! in
the entire experimental vessels. Columns with a different letter  within each
group! differed statistically in a posteriori comparisons  Fisher's PLSD!.
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0

Figure U-7, ' Zn activity in mussels, after incubation in Lake Erie water from
two different sites, right after the incubation and 24h after transfer to "Zn-free
water.
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Figure II-8. Watercolumn ' Ni radioactivity  total, dissolved, particulate! in
the entire experimental vessels. Columns with a different letter  within each
group! differed statistically in a posteriori comparisons  Fisher's PLSD!.
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Figure H-9. Ni activity in mussels, after incubation in Lake Erie water
from two different sites right after the incubation and 24h after transfer to

Ni-free water,
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Figure II-10. Sediment metal concentrations in bioboxes, as a function of mussel
density. Individual values  biobox means! and regressions shown. Results for the
two experiments combined.
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Figure H-11. Metal deposition  biobox means and regression! as a function of
mussel density, Horizontal lines separate biodepostion from normal deposition.

/

b!

2 1
0 500 1000 1500

Mussel density  number/m !



page 45

150
100

O
~ &

10

O

Cu Ni Zn

experiment 1
Cm Ni Zn

experiment 2

Figure II-12. Mussel tissue concentrations of copper, nickel and zinc
at the beginning and end of each of the two biobox experiments.
Values are mean+ S.E. Asterisks denote statistical significancant
change during the experiment  **~: p�.001, ~*: 0.001 p<0.01!
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Figure II-13. Metal concentration in mussel soft tissues as a function of
mussel density. Values are biobox means, combined for the two experiments.
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0
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Figure II-14. Change in mean mussel soft tissue dry weight
during each of the two biobox experiments, as a function of
mussel density. Individual values  biobox means! and regressions
are shown.
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Figure II-15. Net metal bioaccumulation during the two biobox experiments,
as a fucntion of mussels density. Biobox means and regressions are shown.
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1 igure 11-16. Comp'trisons between net metal bioaccurnulation and biodeposition
 expresscd as proportion of their»um! in each of the two biobox experiments, for
each of the three metals. at a n>us»el density oi 1 ! ! ! n1us»el».m �. Net zinc
bioaccumulation during experiment 2 wa» negative,
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Figurc II-17. Metal concentrations  mean+ S.E.! in sediment deposited in funnels with
mussels and in control funnels  with dead rnussels! for the two field experiments.
Asterisks denote a significant difference between the two groups in pairwise comparisons.
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Figure II-18. Metal concentrations in sediment deposited in sedimentation
funnels during the second field experiment, as a function of the distance of the
site from the Maumee River mouth. Individual values and regressions shown.
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Figure II-19, Metal deposition rates for funnels with mussels and for control
funnels  with dead mussels! for the two field experiments. Asterisks denote a
significant difference between the two groups in pairwise comparisons.
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Figurc H-20. Metal biodeposition rates in the second field experiment, as a
function of distance from the Maumee River mouth. Individual values and

second order regressions are shown.
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